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Abstract 
 
Increased electrical power demands are being experienced on the new generation of 
aircraft due to an increased reliance on electrical technology of systems such as air 
conditioning, de-icing systems and electrical flight control actuation. Distribution of power 
at higher AC and DC voltages is therefore now being seen in modern aircraft to avoid the 
penalties incurred due to high cable weights. Voltages have increased past the minimum of 
Paschen’s law resulting in a risk that life limiting partial discharge (PD) damage can occur 
in the insulation systems. This thesis uses a theoretical analysis backed by PD experimental 
results to investigate the optimal operating voltage of a cabling system. In addition, it 
proposes a methodology for optimizing the operating voltage level based on an analysis of 
the power carrying capability of cabling within a fixed and a non-fixed volume system and 
the derivation of the cable weight as a function of voltage. Furthermore the power carrying 
capability of a certain round cable system is compared with an insulated flat conductor 
system as in a printed circuit board (PCB). An initial assessment has been carried out to 
determine whether more power can be delivered via insulated flat solid conductors as in a 
PCB, instead of using round cables. The reason why there is a need to investigate this 
aspect, is because using new PCB technology can offer several advantages over traditional 
cabling harnesses. The work done has shown that the optimal operating point (e.g. 
maximum power to weight ratio) for an aircraft power system, does not improve after 
certain voltage levels. A tradeoff between cable weight and power transfer is required and 
furthermore the use of DC systems can result in higher power transfers than conventional 
three phase/400Hz AC systems. The PCB maximum power transfer assessment has also 
shown that insulated flat conductor systems can offer higher power transfer efficiencies. In 
addition, experimental AC and DC PD tests on certain unscreened aerospace cables (laid 
out in different configurations), have shown that the theoretical analysis employed to 
determine cable safe operating voltages gives conservative results.  
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Chapter 1 
The More Electric Aircraft 
 
This chapter describes the idea of the more electric aircraft giving a historical overview of 
the advancement of operating voltage levels used in aircraft electrical power systems. The 
reasons why the operating voltage levels have increased throughout the years and the 
accompanied issues are discussed, together with methods used in the past to reduce 
aircraft cabling weight. The factors that need to be taken into account for the selection of 
an optimal voltage level are listed and explained. 
  
 
1.1 Introduction 
It is now clear that the aircraft industry should look towards more advanced electrical 
systems to reduce the overall weight of an aircraft and consequently minimize fuel 
consumption and operational costs [1]. Relevant research indicates that in order to achieve 
the aims of MOET (More Open Electrical Technologies) the power optimized aircraft must 
be redesigned at a system level. One of the major issues in this respect is the re-evaluation 
of aircraft operating voltages to reduce cabling weight. Therefore the optimal transmission 
voltage in cables has to be determined and this must be done in coordination with the 
capabilities of all aircraft equipment. Higher voltages affect the weight of cable systems, 
the volume they occupy and also the size and design of the connected equipment, since 
extra insulation is required to maintain the voltage level increase. This suggests that 
aircraft electrical system optimization has to be performed taking into account not only 
electrical but also mechanical and civil requirements and constraints.  
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1.2 History of Aircraft Electrical Systems 
Historically increases in aircraft power demand lead to the increase in the operating 
voltage of aircraft electrical systems. However early aircraft engines generated power at 
low voltage as this provided a safe and reliable means of energy transport. For example the 
total power produced in aircrafts in year 1936 was 1425 Watts and was delivered from two 
50 Amp and 14.25 VDC generators [2]. Load demand increased through the years and in 
year 1946, new standard generators were introduced on aircrafts that provided 28 VDC [2]. 
Eventually three phase systems of 115/200 VAC at 400 Hz were adopted as they offered a 
lighter electrical system. These three phase systems are still used in commercial and 
military aviation today. Following a further increase in power demand the system voltage 
was increased in year 1980 to 270 VDC for the military providing an even lighter solution 
compared to the 400 Hz system [3]. Finally in modern commercial aircrafts different load 
applications require the use of different voltage levels that have been used in the past, for 
example the 28 VDC, 115 VAC/400Hz and 270 VDC.  
 
1.3 Voltage Increases and Accompanied Issues  
Coming back to the reason why voltages have increased through the years, a certain 
amount of current and hence power can be transferred along the cables depending on 
conductor size. “For a 28 VDC system the maximum current per channel that can be 
carried is 400 Amps which gives a power transfer of about 12 kW whereas a larger 
commercial aircraft requires power in the range 20 - 90 kVA per channel and even more” 
[3]. The 28 VDC systems cannot cope with this higher power demand. Moving to More-
Electric-Aircrafts (MEA) [1] will offer a better weight solution, whilst increasing the 
power demand to the drive in order to eliminate heavy mechanical systems such as air-
starter pipe work and hot-air anti-ice systems. The replacement of such systems with 
electrical alternatives will reduce aircraft weight. There are also clear environmental 
benefits in relation to the increased use of electrical power within the aircraft and the 
removal of the alternative mechanical based systems in terms of aircraft fuel consumption 
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over its lifetime. The difference between a conventional and a more electric aircraft can be 
observed in Figure 1.1 below.  
 
Figure 1.1: Conventional and All Electric Aircraft (AEA) comparison [61] 
 
As it can be observed from Figure 1.1, the accessory gearbox and the hydraulic 
pump are not present in an AEA system. The hydraulic power driving different actuation 
functions, as well as bleed air/pneumatic power driving air conditioning and ice protection, 
have been replaced with all electric power. 
However more power demand would mean that larger currents and thus larger 
conductors will be needed. Even though heavy mechanical and pneumatic parts will be 
removed from the system, heavier cables will be used and this might counterbalance the 
reduction in weight. One solution would be to increase the voltage levels and/or the 
operating frequency to transfer more power around the aircraft, whilst keeping the same 
conductor sizes and if possible to reduce them. This would lead to an increase in the 
insulation thickness of cables and the weight of the insulation, triggering an increase in the 
overall system’s volume. These factors in combination with mechanical considerations, 
limit how much the conductor size can be reduced and thus how much the system voltage 
can be raised.  
 
Conventional 
system 
AEA 
system 
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Another issue arising with increasing the operating voltage is that “utilisation 
equipment” has to be redesigned to cope with the new operating voltages and obviate all 
forms of electrical discharges. These might cause damage to equipment insulation in the 
long term and even cause immediate failure if insulation breakdown occurs.  
Electrical discharges can be disruptive or partial. The former involves the complete 
breakdown of a gas contained between two conductors having a significant voltage across 
them. As a result the two conductors are unwittingly joined and a significant current can 
flow. For this type of event a protective device would be required such as a fuse or a circuit 
breaker and in the worst case one of the generators would have to be switched off, in order 
to limit the fault current. An example of where a disruptive discharge can occur is between 
two uninsulated conductors or between two pins of a connector. In comparison, a partial 
discharge also occurs between two conductors having a significant voltage across them. 
However the gas breaks down partially, specifically at a localised region where the electric 
field is large. Outside this localised region of high electric field, the electric field is reduced 
below the breakdown field of the gas contained in the gap. Thus, full fault current flow 
from one conductor to the other is prevented. In this case the system can continue 
operating normally since very small current flows (partial discharges are usually measured 
in Pico-coulombs). Examples of where partial discharges can occur are between two 
insulated unscreened cables installed in a bundle, or in voids or cavities within an 
insulation material. These types of discharges lead to insulation degradation over time and 
can cause premature failure of the insulation system. An excellent description of electrical 
and mechanical modes of failure of aircraft cables can be found in [4, 5]. 
Currently the 28 VDC and 270 VDC electrical systems that are used in aircraft, 
offer a relatively safer electrical system as far as electrical discharge (partial discharges) is 
concerned, since the values are below Paschen’s minimum, as it will be explained in this 
thesis. However these low voltage systems will not be able to cope with MEA’s increased 
power demand. For example the electrical system of the MEA is more likely to consist of 
two engines, each having two generators and each producing 250 kVA. In addition it 
would include an APU with another two generators of 225 kVA each. An example is the 
new Boeing 787 [6]. This means that the total power to be generated for a commercial 
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aircraft is 1000 kVA excluding the APU generators. At the moment, the “first generation 
of more electric aircrafts (MEA)” which uses high powers, is Airbus 380 which uses about 
415 kVA. Consequently low voltage systems will not be able to cope with these large 
power demands. The “next generation” MEA like the Boeing 787 and the A350 are using 
about 1450 kVA and 800 kVA respectively. That is the reason why the generated AC 
voltage has increased from 115 VAC at 400Hz (currently used in conventional aircrafts), to 
230 VAC at 360-800 Hz for the Boeing 787 [6]. This voltage is further rectified using 
power electronic converters to produce +/- 270 VDC (540 VDC).   
As mentioned previously, the operating frequency of the AC system has also 
increased in order to reduce the weight of the transformers used. However, as a result cable 
reactance has increased as well. If the power factor is already low due to non linear loads, 
according to the electrical system design, “reactive voltage drops become a limitation 
rather than resistive” [7].    
A comparison of a traditional Boeing aircraft and the new Boeing 787 electrical 
system can be made by using Figure 1.2. 
 
Figure 1.2: Traditional Boeing and 787 Boeing electrical generation and distribution systems [6] 
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Concluding an increase to higher voltages while welcome in terms of prospective 
weight savings, must be treated with caution owing to the ability of relatively low voltages 
to cause electrical discharges at low pressure and high temperatures [8-10]. Therefore an 
understanding of electrical discharges with respect to their inception and severity within 
the aircraft environment is essential, since they are extremely important in terms of 
ensuring safe and reliable operation. According to [11], up to a voltage level of 240 Volts 
RMS there is no risk of partial discharge “PD” (a form of electrical discharge),  between 
cabling and grounded surfaces as well as in cavities in the insulation. Thus the amount of 
insulation required is determined only by mechanical considerations and “surface 
discharges” that can cause tracking especially at the connectors’ terminals. Nevertheless, 
the continued use of low voltages is unsustainable as conductor size, transmission losses 
and weight would continue to increase with increase in load. Moving to higher voltages is 
unavoidable even though electrical insulation design will become more critical, as this 
would allow conductor weights and sizes to be dramatically reduced. For voltages higher 
than the “Paschen’s minimum”, [11] provides RMS corona inception voltages at different 
environmental conditions (altitude and temperature). Corona is a type of PD. These 
conditions affect greatly the optimal transmission voltage as it will be described later on.  
 
1.4 Environmental Conditions 
Environmental factors also have an effect on the current rating of cables. The ambient 
temperature of a cable system might vary from a very low temperature at high altitudes (if 
the cables are exposed to the outside surrounding atmosphere, approximately -60°C at an 
altitude of 40,000 feet up to 60,000 feet) [12]), to a high temperature of approximately 
400°C (if the cables are installed near electrical systems giving out a lot of heat. An 
example could be the novel idea of embedded generators installed at the core of an aircraft 
engine. The cables connecting the generators would be exposed to approximately 400°C). 
Likewise the pressure might be equal to the atmospheric if the cables are inside the aircraft 
where the environment is controlled and monitored, or it can be exposed to the outside low 
pressure atmosphere, or even at relatively high pressures within the fan case of the engine 
when it is running.  
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1.5 Optimal Electrical Power Distribution System 
Research performed in 1961 [13], examined the use of higher voltages to replace large 
AWG size conductors with smaller ones, considering the weight, current density, voltage 
drop and utilisation of cables but neglecting the effect of partial discharges. According to 
[13], it is stated that after carrying out optimum weight analysis, the voltages to be used are 
not high enough so that discharge phenomena would become an issue. Based on a specific 
study case for the historical WF-2 aircraft model, only a third of the total weight of all 
cables would be affected by increasing the voltage. This is due to the fact that the 
remaining electrical system was made of cables already being used at their minimum size. 
This part of the system would remain unchanged since the load would still be the same and 
an increase in voltage would affect negatively the current utilisation of the cables. Only 
primary distribution voltages would be changed and a calculation procedure is carried out 
by the author so as to minimize the reduction in current utilisation and increase in average 
voltage drop for each cable and to determine cable weight changes with increasing voltage.  
A more general research article [14], describes the main factors in selecting the 
appropriate cable size to be used in an electrical power system. These factors consider the 
following: 
• Ampacity  
• Allowable voltage drop  
• Short circuit requirements  
• Over-current protective devices  
• Economic requirements 
• Type and design of insulation materials  
The information required to determine each factor is listed and explained. Even though a 
total system analysis, including all the factors listed above, is required to define optimum 
voltages for use in the aerospace environment, each factor has to be looked at separately. 
After obtaining a clear understanding of how each factor drives the operating voltage and 
the weight of the system, an optimal solution can be computed.  
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Investigating an optimal electrical power transmission system would thus require 
knowledge of the size, length, voltage drops of cables and equipment connected to it,  
volume they occupy, frequency of operation, conductor utilisation, power losses, short 
circuit requirements, aircraft operation data, the surrounding atmospheric environment as 
well as the economic issues affecting the whole aircraft design.  
 
1.6 Project Objectives 
It has to be mentioned that this project was supported by the “Strategic Research Centre of 
Rolls-Royce plc.” The project aims were: 
• To calculate the partial discharge inception voltage (PDIV) for different cable sizes 
using theoretical approximation models. The PDIV has been used to determine the 
optimal voltage to be used in the MEA.  
• To calculate the optimal power transfer based on the current ratings of different 
AWG conductor sizes obtained from [11]. Each cable has been assumed to be fully 
utilised according to AS50881. Unlike previous research, specific cable systems are 
analysed assuming different fixed sized conduits in which the maximum cable size 
is calculated. For each AWG conductor size the insulation thickness is computed 
from which the maximum voltage that can be used to avoid partial discharges (PD) 
is evaluated. By comparing the results for all AWG cable sizes, the best voltage 
level can be chosen after taking into account all the factors described by [13, 14]. 
• The development of a reverse methodology to evaluate the required insulation 
thickness, once the aircraft operating voltage levels are provided.  
• To examine the possibility of replacing a round cable system with an insulated flat 
conductor system, like for example a Printed Circuit Board system (PCB), in an 
attempt to achieve a higher power transfer. This was done taking into consideration 
the maximum voltage that can be applied so that no PD occurs.  
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• To examine experimentally the partial discharge inception voltages (PDIVs) under 
AC and DC conditions. 
• To perform a comparison of the measured PDIV results with the calculated ones 
using theoretical models.  
 
This study can become the basis for optimal voltage level /insulation thickness selection to 
be used in future aircraft electrical systems. The thesis begins by carrying out a literature 
review on partial discharges occurring on aircraft cables. 
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Chapter 2 
Partial Discharges on Aircraft Cable 
 
A partial discharge (PD) is an electrical discharge that partially bridges a gap between a 
high voltage conductor and a low voltage conductor. What causes these discharges is the 
localised breakdown of the gas molecules in the gap, due to a significant voltage across it 
which leads to particle ionization. The voltage causing gas particle breakdown is a 
function of the pressure and gap distance product. This relationship is described by the 
famous “Paschen’s Law”, when the electric field is distributed uniformly between two 
spherical conductors. A literature review on PD and its effect on aircraft cables are 
carried out in this chapter. 
 
 
2.1 Introduction 
As it was discussed in Chapter 1 there are two types of electrical discharges. These can be 
disruptive or partial. This thesis is focused on partial discharges which is actually the 
localised breakdown of air molecules to form positive and negative ions in which the 
positive are attracted to a cathode electrode whereas the negative to an anode electrode. 
Even though there is a temporally charge movement (pulse current), the charges cannot 
bridge the gap, since the electric field is reduced beyond a certain point. The temporally 
localised pulses of current flow are a result of the movement of charges and the 
recombination of negative and positive charges that precede [15]. The magnitude of the 
supply voltage at which this breakdown of the gas-air (partial discharge) occurs, is called 
the “inception voltage” and it is stated as ‘PDIV’ throughout this report.  
  
       43               
 
 
2.1.1 Different Types of Partial Discharges (PD) 
Overall the factors that settle the type of a partial discharge (PD) in a gas and the 
magnitude of the partial discharge inception voltage (PDIV) are listed below: 
• Gas pressure (gas density ) 
• Electrode shape (conductor, insulation and ground shape) 
• Airgap distance (i.e. geometry) 
• Polarity of voltage applied 
• Type of system (DC or AC conditions and at high / low frequency)  
• Impulse voltage 
• Cable material properties 
• Duration of applied voltage (for how long the voltage is applied on the cable 
conductor) 
• Current ageing state of the cable [16].  
 
Types of partial discharges are such as gaseous discharges, gas-insulator surface 
discharges, liquid discharges, liquid-insulator interface discharges and solid discharges. 
This thesis will be focusing on void and gas-insulator surface PD, specifically the ones 
most likely to occur in an aerospace cable environment. All types of PD are shown below 
in Figure 2.1 as described by [17].  
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Figure 2.1: Types of gas-insulator surface discharges 
 
2.1.2 Gas Breakdown in a Void in the Insulation 
When a voltage is applied to a cable conductor, an electric field ‘E’ will appear across the 
insulation. This electric field is a vector quantity having a magnitude and a direction and it 
will cause polarisation of the insulation dielectric. This field can be distorted by many 
parameters which will be described later on. It is therefore important to investigate these 
parameters since the PDIV and thus the voltage rating of cables, is dependent upon them. 
Furthermore PD has to be avoided to achieve the highest possible voltage rating. 
Polarisation is the effect of charge separation which results in the positive charges 
being attracted to the cathode electrode and the negative to the anode electrode [18]. The 
direction of the electrostatic field is shown below in Figure 2.2. We can picture positive 
charges orientating themselves facing the conductor-insulation surface, whereas negative 
charges will orientate in the opposite direction. These charges are prohibited to break free 
and move towards the conductors, because polarization is only the effect on molecules or 
electrons in atoms to orientate themselves to the direction of the field. If the charges are 
  
       45               
 
 
able to break free from the molecular or atomic bonds and start moving towards the 
electrodes, this would be the result of dielectric breakdown. 
 
 
Figure 2.2: Polarization of molecules in an insulation dielectric 
 
The magnitude of the uniform electric field can be calculated by ‘E = V/L’ where ‘V’ is the 
supply voltage applied on the conductor and ‘L’ is the separation distance of the conductor 
and the ground. It should be noted that E is a vector quantity with a magnitude and a 
direction. Due to the presence of the insulation dielectric, the capacitance between the 
conductor and the ground is increased because of the polarisation that takes place. 
Polarisation produces “dipole moments which in effect increase the field in the area in 
which they are located” [18].  This means that more charges can be stored on the 
conductor and the ground for the same supply voltage than in the case if the space taken by 
the dielectric was a vacuum. This implies that different materials will give rise to a 
different capacitance due to the fact that their degree of molecular polarisation is different. 
If the space between the conductor and the dielectric was a vacuum, then the charge 
per unit area ‘Q’ would be as follows according to [19]: 
 
oQ Eε=   (C/m2)                                                                                                               (2.1) 
εo = Permittivity of free space which is equal to 8.85x10-12 Fm-1 
 
According to [19], Q is also called the electric displacement ‘D’ in the material. When the 
dielectric is present the electric displacement is given by ‘D = εoεrE’ [18], where ‘εr’ 
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denotes the relative permittivity of the dielectric and it is given as the ratio of the 
“increased capacitance to the capacitance in the absence of the dielectric” [18]. The 
electric displacement is continuous throughout the insulation even if two or more different 
dielectrics are present, whereas “E” differs due to the different polarisation degrees of the 
different dielectric materials [19]. Now if a void (space filled with air) exists in the 
insulation, then the air molecules will be polarised in such a way as shown in Figure 2.3. 
 
 
Figure 2.3: Polarization in an insulation dielectric containing a gas filled void  
 
The diagram above shows that the air molecules will be aligned in the direction of the local 
electric field. The electric field “Ec” across the cavity is given by “Ec = εr Ea”. Ea is the 
field in the void free part of the insulation. If Ec goes over the breakdown strength field of 
the gas (i.e. air in this case) then partial discharges will occur provided that a “free electron 
exists in order to start the ionisation process” [20].   This can also be stated in terms of 
voltages, in other words partial discharge will occur if the voltage across the cavity 
exceeds the breakdown voltage of the gas contained in the cavity.  
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2.1.3 Generic Factors Affecting Partial Discharge Inception 
The partial discharges that occur in cable insulation can result in the insulation failing due 
to damage caused around the surface of the cavity. This can produce “gaseous by-
products” and cause a chemical change at the surface of the cavity. Furthermore partial 
discharges can lead to electrical trees, water trees and tracking. Thus, finding the 
parameters affecting partial discharge inception and the consequences on cables are 
necessary to predict the life of the cable insulation. These parameters include the 
following: 
 
• Type of material Insulation (material properties) 
• Type of gas in the void and in the external gap (gas properties) 
•  Geometry of cable insulation and conductor and their installation [21]  
•  Environment (internal & external temperature & pressure of the insulation & the 
gas) [21] 
• Location of voids within the cable dielectric and surrounding airgap [21] 
• Type of system (i.e. if it is an AC or a DC system) 
• Loading conditions (magnitude of constant load/how often change of load occurs, 
transients etc.) 
• Current ageing state of insulation 
 
 
2.2 Gas Breakdown Processes  
The discharge process depends on the ionization and de-ionization processes occurring in 
the cavity, or in a space outside the cable, (for example when a voltage is applied across 
the conductor-insulation and the ground boundary, where the cable is installed in an 
aircraft). Ionization and de-ionization occur due to elastic and inelastic collisions between 
electrons, between electrons and atoms or molecules and between atoms or molecules [16].  
All cases result in electrons being liberated and these electrons are able to move under the 
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application of an electric field causing an electrical discharge. The types of collisions and 
ionization processes are explained in the next section according to [16, 19].  
 
2.2.1 Elastic and Inelastic Collisions  
When an electron is under the influence of an electric field, it gains kinetic energy. While 
the electron is moving, it can strike a molecule or an atom to liberate another electron/s. An 
elastic collision is one in which the electron barely loses any energy after bouncing from 
the molecule or the atom. The energy that it loses is proportional to “m/M” where m is the 
mass of the electron and M the mass of the molecule. Inelastic collisions are the main issue 
since the electron loses a significant amount of energy after colliding with a molecule. 
These collisions cause a change in the “internal energy level of the molecule” producing 
ionized molecules/atoms. In order for that electron to be able to initialize an ionization 
process, the energy transferred from the moving electron or molecule to another molecule, 
has to be equal or greater than the energy required to ionize the gaseous molecules [18]. 
This energy is given by [18]: 
 
 
eW e Eλ∆ =                                                                                                                        (2.2) 
 
∆W = Average energy gained between collisions (Joules or J) 
e = Electronic charge = 1.60217646 × 10-19 (Coulombs or C) 
λe = Electrons’ mean free path (meters or m) 
E = Electric field strength (Vm-1) 
 
The mean free path “λe” is determined by three parameters for a fixed mass of gas, 
as for example in a cavity. These parameters are the temperature of the gas, the volume 
“VG” it occupies and the pressure “P” within the void. If the temperature is fixed inside 
the cavity then “P x VG = Constant” and λe is inversely proportional to P and directly 
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proportional to VG. This also means that ∆W is also proportional to the electric field and 
inversely proportional to P. 
Inelastic collisions might lead to the so called Townsend avalanche. This is the 
process by which an electron causes ionization of molecules after collision and the 
electrons freed from the molecule have enough energy to collide further with more 
molecules to cause further ionization. As a result more and more electrons are being 
released, leaving behind more positive ions.  To describe the phenomenon and quantify it, 
a constant “α” has been defined which is called the “Townsend’s first ionization 
coefficient”. This shows “the number of electrons produced by a single electron per unit 
length in the direction of the electric field” [18].  
Inelastic collisions might lead to the following mechanisms associated with the 
release of electrons from molecules (xy) and atoms (x or y), or recombination [16, 18]: 
 
Ionization: 
Direct: e x x e e− + − −+ → + + . In this case a moving free electron causes the release of 
another electron from an atom after impact.   
Dissociative: 2e xy x y e− + −+ → + + . In this case a moving free electron causes the release 
of another electron from a molecule after impact. The release of an electron also results in 
the molecule dissociating in an atom and a positively charged ion. 
Photo: e x x e− ∗ −+ → +  and then x x hv∗ → +  the photon ‘hv’ then causes ionization of 
another molecule of lower ionization energy: y hv y y e∗ + −+ → → +  for this to happen the 
work function ‘hf’ must be greater than e.Vi, where ‘e’ is the charge of an electron, ‘Vi’ is 
the “ionization voltage” [18], ‘h’ is Plank’s constant and ‘f’ the frequency of the photon. 
Thermal: High kinetic energy of electrons acquired from high temperatures can enhance 
collisions and cause ionization [18]. 
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Excitation:  
Direct: e x x e x hv− ∗ −+ → → + +  
Dissociative: e xy x e x y− ∗ − ∗+ → → + +  
Photo: hv xy xy∗+ →   
It has to be mentioned that the in the case of ‘Excitation’, the processes do not result in 
electrons being liberated. Instead, the extra energy is absorbed by the atoms /molecules to 
form metastable atoms x* or metastable molecules xy*. 
 
Attachment / Recombination:  
Direct: e xy xy− −+ →  
Dissociative: e xy x y− −+ → +  
Radiative: e x x x hf− ∗+ → → +  
Three body: e x y x y− + −+ + → +  
Ion to Ion: x y xy− ++ →  
 
2.2.2 Derivation of Paschen’s Law Equation  
Having mentioned the processes of electron or ion recombination, another coefficient has 
been defined in literature which is called the electron attachment coefficient ‘η’. Using this 
coefficient and “Townsend’s first ionization coefficient” [18], the number of the free 
electrons remaining can be calculated. This determines the magnitude of electrical 
discharges that might occur in the cable insulation when a voltage is applied in the 
presence of a cavity, or air in the presence of cable to ground boundaries. Using these two 
coefficients, the current resulting after simultaneous ionization and recombination can be 
expressed as follows according to [18]: 
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( )d
oI I e
α ηα η
α η α η
−
 
= − 
− − 
                                                                                       (2.3) 
 
I = Current after the ionization and de-ionization processes are initiated (A) 
Io = Initial current before any ionization or de-ionization occurs (A) 
d = Length in the airgap in which the ionizations take place (m) 
α =Townsends first ionization coefficient 
η = Electron attachment coefficient 
 
Despite the mechanisms that occur within the airgap, mechanisms exist which 
provide more electrons or ions in the airgap. These include the “photoelectric and positive 
ion action” [18].The phenomenon of photoelectric emission from a metal surface is the 
cause for the former, whereas positive ion bombardment is for the latter [16]. To account 
for these secondary electrons being generated, the secondary ionization coefficient ‘γ’ is 
introduced in theory. Equation 2.3 [16], is adjusted to account for γ: 
 
( )
( ) ( )1 exp 1
d
o
e
I I
ad
α ηα η
α η α η
γα
α η
−
 
 
−
− − 
=   
 
− −     
−  
                                                                               (2.4) 
 
The above equation considers the fact that all processes are happening i.e. attaching of 
electrons and detaching. In non-attaching gases the term ‘η’ is equal to zero and the 
equation becomes [16]: 
 
( )
( )
exp
1 exp 1o
ad
I I
adγ
 
=  
 
− −   
                                                                                             (2.5) 
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From these equations the criterion from gaseous breakdown is found in theory by assuming 
that the electrons multiply to infinity. (Note: The equations that follow are taken from 
[16]). This can be analyzed by equating the denominator of the above equations for 
attaching and non-attaching gases to zero i.e.: 
a. Attaching Gases : 
( ) ( )1 exp 1 0ad
γα
α η
 
− − =     
− 
                                                                                        (2.6) 
b. Non-Attaching gases: 
 
( )1 exp 1 0adγ− − =                               (2.7) 
d = distance between the cavity or airgap (m) 
 
All the coefficients α,  η and γ depend on the applied voltage ‘V’ or electric field ‘E’ and 
the gas number density ‘N’ [16]. Thus it is implied that all these coefficients are affected 
by the volume ‘VG’, the pressure ‘P’ and the uniformity of the interfaces between the metal 
conductors and the insulation.  η and γ are enhanced from the fact that ion bombardment 
and positive ion action is increased when the metal surfaces are not smooth [16]. VG and P 
affect N which in turn affect α and η. The roughness of the metal surfaces affects E which 
also affects α, η and γ. 
From the breakdown criterion we are lead to ‘Paschen’s Law’ which states that the 
breakdown voltage is contingent on the product of ‘N x d’ or ‘P x d’. ‘N’ stands for the 
number density of molecules (m-3) and this is related to gas pressure at 300 K by 
2.415x1020xP (Pa). ‘P’ stands for the pressure and ‘d’ for the distance of the gap (gap 
length) [16]. Starting from equation 2.8 [16] for the ionization coefficient, the expression 
for the breakdown voltage can be derived: 
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exp GNF
N E
α  
= − 
 
                                                                                                          (2.8) 
 
‘α/N’ is a function of the breakdown voltage ‘VBrk’, the gap distance ‘d’ and the number 
density of molecules ‘N’ which is specific for a different gas. The constants ‘G’ and ‘F’ are 
given in literature and for air they are as follows: ‘G = 11335x1022 Vm2’ and ‘F = 
378.9x1022 m2’. The secondary ionization coefficient ‘γ’ is also a function of VBrk, d and a. 
Furthermore by substituting equation 2.7 for α, into equation 2.8, we can form an 
expression for the breakdown voltage across the airgap [16]: 
Using equation 2.7:   
( )1 exp 1 0adγ− − =    
( )1 1adeγ⇒ − =  
1 1sade
γ
⇒ = +
 
1ln 1
s
ad
γ
 
⇒ = + 
 
                                                                                                         (2.9) 
Substitute the expression for α (Equation 2.8), which is: exp GNNF
E
α
 
= − 
 
 into equation 
2.9 to get: 
1
exp ln 1s
GNNF d
E γ
  
− × = +   
   
 
Replace E by Vbrk/ds: 
1ln 1
exp s
brk s
GNd
V NFd
γ
 
+    ⇒ − = 
 
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Take the ‘natural logarithm’ of both sides to remove the exponential from the equation: 
 
( )1ln ln 1 lns s
brk
GNd NFd
V γ
  
⇒ − = + −  
  
 
( ) 1ln ln ln 1s s
brk
GNd NFd
V γ
  
⇒ = − +  
  
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 
 
 
  
+  
  
                                                                                                 (2.10) 
 
The Paschen’s Law equation can be found in [12]. The value of N should be investigated 
since in literature according to [16], its relation to gas pressure is dependent on 
temperature. The value for N = 2.415x1020 x P, where ‘P’ stands for pressure, is at 300 K 
(27 oC). Using the above formula, Paschen’s Law can be drawn on graph as it will be 
shown on section 2.2.4.1. The value of γ, as mentioned before, depends on the type of gas, 
the material of the cable conductor and the ground as well as the insulation. The value has 
to be chosen carefully for each case for an aerospace environment [22].  
 
2.2.3 Effect of Frequency on Air and Polymeric Insulation 
Breakdown 
As it has been stated previously, an electrical discharge is actually the breakdown 
of the gas contained in a cavity inside the insulation, or near the insulation-metal interface, 
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or the ground-air interface. These types of electrical discharges are called internal partial 
discharges and external respectively. Aerospace cables consist of polymeric insulation and 
any form of discharge can cause serious damage to the insulation. This is because when 
ions or electrons collide with the surface of a polymer, they can alter the polymer’s contact 
surface chemically. Internal discharges will cause the formation of electrical trees and 
externally cause tracking of the insulation [19]. After a gas discharges, the voltage across 
the airgap is reduced and this gives time for the ions or electrons to recombine. In a 
uniform field the breakdown of air follows the “Townsend electron avalanche 
mechanism”. This mechanism follows Paschen’s curve as described by equation 2.10.   
Gas breakdown (electrical discharge), occurs at much lower voltages than the 
breakdown of solid polymeric insulation, which according to [19] the insulation has a 
dielectric strength in the region of 3 MVm-1. This is because the mobility in solids is much 
less due to the higher density of molecules. Because the molecules are much closer to each 
other, the collisions between them are much more frequent and the energy is transmitted 
very quickly from one atom to the other, not allowing the charges to gain high energies 
very quickly as it is the case of gases. For solids the mobility is much lower because the 
electrons in the solid lattices are trapped, resulting in a much lower electron drift velocity 
[22]: 
 
e eW Eµ=                           (2.11) 
We = Drift velocity 
µe = Mobility (also noted as ‘b’) 
E = Applied electric field 
  
Breakdown of solids is not examined here. However, one of the objectives of this 
thesis is to compute optimal voltage levels to be used in aircrafts based on the 
determination of the partial discharge inception voltage (PDIV). Thus, it has to be 
illustrated that the breakdown of air occurs at lower voltages than the breakdown of solid 
polymeric insulation. As an example, breakdown tests have been carried for a range of 
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frequencies (50 Hz – 1 kHz), for an unscreened aerospace cable having an AWG 18 
conductor, insulated with 0.3 mm of PTFE. Results are shown in Figure 2.4. 
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Figure 2.4: Variation of the breakdown voltage with increasing frequency from 50 Hz to 1 kHz at 100 kPa. 
The cable tested had an AWG 18 conductor, insulated with 0.3mm of PTFE insulation 
 
The tests were not carried out at different temperatures since based on [16], the 
temperature limit of PTFE for this cable is approximately 200 oC. The PDIV for this cable 
was measured to be 600 V at 100 kPa, a value well below the breakdown voltage results 
shown in figure 2.4. Details regarding the testing procedures are described in chapter 5. 
 
2.2.4 Calculation of Safe Operating Voltage in a Uniform Field 
Partial discharges occur in a cable insulation material when the electric field in a void 
within the material (internal PD), is greater than the breakdown electric field of the gas 
contained in the void. PD can also occur externally along the surface of the dielectric due 
to contamination and surface irregularities, or even in the airgap between unscreened 
insulated cables and between the cables and ground. In the case of aircraft this might 
happen in cable bundles [12].  
This thesis focuses on alternate and direct current PD occurring in the airgap between 
the cable insulation and the ground, between cables and within a void in the insulation in 
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order to calculate the safe operating voltage (SOV) for a cable system. The locations of 
these discharges are shown below: 
 
Figure 2.5: Locations of PD taken into consideration in the calculation of SOV 
 
The derivation of the uniform equations used to calculate the partial discharge 
inception voltage in the case of cable to ground and cable to cable discharges is described 
in this section with the aid of the following figures: 
Discharge
Case A: Single Conductor Cable with a Single
                 Layer of Insulation [16].
Earthing Ground
Conductor
Insulation
Insulation dViV d,i ,
 
Figure 2.6: Cable to plane discharge with single insulation layer 
Case A: Single conductor cable with si l  
layer of insulation 
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Earthing Ground
Conductor
Multiple layers
  of Insulation
Single Conductor Cable with Multiple
              Layers of Insulation
Multiple layers
  of Insulation
d,Vd
i1,Vi1 i2,Vi2 i3,Vi3
 
Figure 2.7: Cable to plane discharge with multiple insulation layers 
 
The outcome of PD is to degrade the insulation material, age it and decrease its lifetime. 
Therefore it is clear why calculating the partial discharge inception voltage (PDIV), is of 
great importance. In addition, the breakdown strength of the insulation material needs to be 
measured using an appropriate testing procedure which gives accurate results [21]. These 
results are used in industry as guidelines for designing dielectric materials to be used as 
cable insulation and furthermore for insulation coordination.  
 
 
2.2.4.1 Case A: Single conductor cable with single layer of insulation 
For the following derivations, Figure 2.6 is used from the previous section. The equations 
that follow are derived by using Gauss Law which states that in a linear homogeneous and 
isotropic material, the electric field density ‘D’ is equal to the free charge per unit area ‘ρs’: 
s
QD
A
ρ= =
 
s
o r i
o r
D E
ρ
ε ε
ε ε
= ⇒
  
Case B: Single conductor cable with 
multiple layers of insulation 
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D E
ρ
ε
ε
= ⇒
 
εo = Permittivity of free space = 8.85418782 × 10-12 m-3 kg-1 s4 A2   
εr = Relative Permittivity of the insulation material  
ρs = Free surface charge per unit area (surface charge density, Cm-1) 
Ei = Electric field within the insulation material (Vm-1) 
 
To derive the formula for the voltage across the symmetrical cylindrical insulation, the 
electric field has to be integrated along the thickness of the insulation surrounding the 
conductor on which the voltage is applied: 
 
According to Gauss Law for a cylindrical geometry: 
ro
s
ro
s
ii
idxdxEV
εε
ρ
εε
ρ
∫∫ ===  
The same equation can be used to evaluate the voltage ‘Vd’ across an airgap‘d’ as shown in 
Figure 2.6: 
o
s
o
s
dd
ddxdxEV
ε
ρ
ε
ρ
∫∫ ===  
By using the potential divider rule the fraction of the supply voltage ‘fract(Vd)’ across ‘d’, 
can be calculated by using Equation 2.12 which can also be found in [12]: 
( )d
d r
V
d i r
V dfract
V V d i
ε
ε
= =
+ +                       (2.12) 
 
This airgap breaks down according to Paschen’s Law for a specific gap size, ‘d’ and 
pressure ‘P’ as shown in Figure 2.8.  
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Figure 2.8:  Paschen’s Law for air [12] 
 
From the graph in figure 2.8, it can be observed that a minimum point exists below which 
no breakdown occurs. This occurs due to physical mechanisms related to the mean free 
path ‘λe’ according to the relationship [16]: 
 
1 1
e
mP NQ
λ = =
                        (2.13) 
 
Qm = Momentum transfer cross section (m2) 
N = Number density of molecules (m-3) 
 
The decrease in pressure decreases N provided that Qm, which is the “momentum transfer 
cross section”, remains constant. If the number of molecules per unit volume is less, not 
only that would imply “less frequent collisions”, but also that each particle has more space 
(mean free path ‘λe’) available for it to accelerate and gain the necessary transfer 
momentum.  
The shape of Paschen’s Law curve can be explained by either assuming a fixed gap 
distance ‘d’ or a fixed pressure ‘P’. Assuming a fixed d, moving to the left of Paschen’s 
minimum, P decreases and the mean free path ‘λe’ increases approaching the physical gap 
Paschen’s Minimum 
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length. This not only implies that there are fewer molecules contained in the gap with less 
frequent collisions, but also that electrons, atoms or molecules are more likely to breech 
the gap without colliding with other molecules or atoms. Thus a bigger voltage is required 
to increase the kinetic energy possessed by particles and furthermore to increase the 
frequency of collisions and cause ionization. If a fixed P is assumed, going to the left of 
Paschen’s minimum, d decreases approaching the mean free path ‘λe’. This also implies 
that fewer molecules are contained in the gap for the pressure to be kept constant. 
Electrons, atoms or molecules are more likely to breech the gap without colliding with 
other molecules or atoms and thus a bigger voltage is also required to cause ionization.  
Going to the right of Paschen’s minimum, and assuming a fixed d, P increases. 
Effectively more molecules are contained in the gap and λe decreases. Collisions are much 
more frequent but again there is no room for molecules or atoms to accelerate to gain the 
necessary transfer momentum. Thus the breakdown voltage increases. If P is fixed, going 
to the right of the minimum, d increases. Again this implies that the number of molecules 
increases for the pressure to be constant. In this case, the breakdown voltage increases in 
order to maintain the breakdown electric field strength. 
 
2.2.4.2 Case B: Single conductor cable with multiple insulation layers  
For cables with multiple insulation layers, the same procedure is followed as in the case of 
a single insulation layer to derive the fraction of the supply voltage across the airgap. The 
only difference is the additional voltage drop across each insulation layer. The insulation 
thickness of each layer is marked as i1, i2 and i3 and their relative permittivity respectively 
is
21
, rr εε  and 3rε :  
According to Gauss Law for a cylindrical geometry: 
 
11
11
1
ro
s
ro
s
ii
idxdxEV
εε
ρ
εε
ρ
∫∫ ===  
 
  
       62               
 
 
Since the same equations are valid if more insulation layers are present, expressions can be 
obtained for the voltage across each layer: 
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Again by using the potential divider rule the fraction of the supply voltage ‘fract(Vd)’ across 
‘d’, can be calculated by using Equation 2.14: 
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The new voltage across the airgap is calculated with Equation 2.14. For different cavity 
thicknesses “d” and pressures “P”, the breakdown voltage “VBrk” of the air inside the 
cavity can be found using Paschen’s Law. Thus the following equation can be written: 
 
 
( )dVfract V VInception Brk× =            (2.15) 
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 “VInception” is the supply voltage which is required to ignite partial discharges, by triggering 
the breakdown of air particles. After calculating “fract(Vd)” for a certain i and P, equation 
2.15 can be used to calculate a range of partial discharge inception voltages (PDIVs) for a 
range of d. Furthermore the lowest PDIV can be chosen to determine the safe operating 
voltage (SOV) for the aerospace cable. 
These calculations do not consider the effect of space charge which might 
accumulate due to the multiple interfaces as it is discussed later on in section 2.2.8. Space 
charge accumulation is not significant when an AC voltage is applied from a medium to a 
high frequency (50Hz up to several kHz). Thus the above derivations can be assumed to be 
valid. On the contrary, when performing calculations under a DC voltage, the space charge 
effect has to be assessed [23]. Another parameter which has to be taken into consideration 
when a DC voltage is applied is the insulation resistivity, as it will be discussed later on. It 
has to be noted at this point that the SAE standard AS50881 [11] makes no distinction 
between DC and AC voltage ratings that are used for aerospace cables. 
 
2.2.5 Effect of Frequency and Temperature on the Electrical 
Properties of Air 
According to [24], the permittivity of dry air is approximately 1 and this value 
remains constant up to radio frequencies. The effect of frequency and temperature on the 
electrical properties of dry and moist air has not been investigated in this thesis. However, 
the effect of temperature on the breakdown voltage of air (VBrk) has been examined. Based 
on Paschen’s Law, VBrk depends on the pressure distance product “p.d”. Pressure is 
dependent on the density of air particles within a gap. At elevated temperatures the density 
of air is reduced and the mean free path “λe” that an electron/ molecule have to travel 
before colliding with another electron/ molecule, is increased. Effectively a rise in 
temperature causes a reduction in pressure and furthermore a reduction in VBrk for a fixed 
gap distance, until Paschen’s minimum is reached. (It has to be noted here that this 
statement does not hold true in the case of a fixed volume like for example in a closed 
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void). If the temperature is increased further, the mean free path would be expected to 
become very large and more energy would be required to cause molecules to collide and 
liberate electrons and thus VBrk would increase following Paschen’s curve. However, after 
a certain temperature (θ > 1000 K), thermal ionization takes place and Paschen’s Law is no 
longer valid [12, 22]. For temperatures up to 473 K (200 oC), Equation 2.16 [12] can be 
used to adjust the pressure if the temperature is increased.  
 
293 ( )
273
OLD
NEW
A
P
P Pa
θ
×
=
+                        (2.16) 
PNEW = adjusted pressure (Pa) 
POLD =initial pressure (Pa) 
θA = ambient temperature (oC) 
 
Frequency can also affect VBrk. However frequency effects are not significant in the 
frequency range of interest which is from 50Hz up to 1 kHz, at which aircraft electrical 
systems operate. It is stated in [12], that there is a critical frequency at which VBrk starts 
decreasing. This critical frequency is smaller at atmospheric pressure than at lower 
pressures at higher altitudes and it depends on the mobility of the ions in the air ‘b’, the 
peak electric field ‘E0’ and the air gap distance ‘d’, between a high voltage and a low 
voltage electrode. b depends on the mean free path ‘λe’, which  increases if the pressure is 
reduced. The following equation, as taken from [12], can be used to calculate the critical 
frequency ‘fcrit’: 
 
0
crit
bEf
dpi
=
                         (2.17) 
The mobility ‘b’ is given by the following equation in [12], 
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eqb
mc
λ
=
                         (2.18) 
 
q = Charge of the positive ion (1.6x10-19 C) 
λe = Mean free path (m) 
m = Mass of the ion (kg) 
c = Mean thermal velocity (ms-1) 
 
By examining the above equation it can be realised that a decrease in pressure will cause 
an increase in the mean free path ‘λe’ (according to Equation 2.13) and thus an increase in 
the mobility of ions ‘b’ in the air and thus cause an increase in the critical frequency ‘fcrit’. 
As discussed previously, the temperature also affects λe and thus the mobility of the ions. 
An increase in temperature will increase λ and b and consequently will increase fcrit. More 
information and references on the subject of critical frequency can be found in [12]. In this 
thesis the effect of frequency is neglected since it is insignificant for the operational 
frequency range which is taken into consideration.  However when rating the insulation in 
power electronic converters, which may be operating at switching frequencies of 10 kHz 
and greater, the above formulae should be used appropriately. 
 
2.2.6 Application of Calculations in the Aerospace Environment  
As discussed in the previous section pressure, airgap distance and the type and thickness 
the insulation material, govern the PDIV calculation. According to [12] the temperature 
and pressure in the aerospace environment vary according to altitude as shown on the 
following graph:  
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Figure 2.9: Variation of temperature and air pressure with increase in altitude [12]. 
 
As observed from Figure 2.9, the air pressure and temperature fall with an increase 
in altitude.  This does not mean that cables supplying electrical energy will be exposed to 
such temperatures or pressures. This depends on the location at which they will be 
installed. For example, the cables could be installed within the aircraft cabin, where the 
temperature and pressure are regulated by the aircraft system to be approximately 25oC and 
100 kPa respectively. Otherwise the cables could be exposed to the outside atmosphere, if 
for instance they are installed along the aircraft wing or around the aircraft engines. At 
these sites the temperature could vary at 40,000 feet (around 12.192 km), from about -55.6 
oC (along the wing) to 200oC close to the engines in the nacelle [12]. The ambient pressure 
would be 18.8 kPa at this altitude. Figure 2.10 shows how the calculated PDIV is affected 
by the ambient pressure ‘P’ and temperature ‘T’. Note that the results shown below are 
based on the calculation procedure described in Section 2.2.4.1 and 2.2.5. This procedure 
is described in detail in Chapter 3. The results are for a cable consisting of a single layer of 
PTFE insulation with a relative permittivity ‘εr = 2.1’. 
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Figure 2.10: Variation of the peak PDIV with increasing cable insulation thickness, at temperatures of 298 K 
and 473 K and at pressures of 100 kPa and 18.8 kPa 
 
 In conclusion, the parameters affecting the PDIV in air have been stated. These 
parameters are the pressure and the temperature of the air as well as the airgap distance, the 
type of insulation material and its thickness. The sections that follow describe the 
dependence of the material properties on frequency and temperature. 
 
2.2.7 Effect of Frequency and Temperature on a Material’s 
Electrical Properties 
The relative permittivity is defined as a measure to which a material concentrates 
electric flux. It is the ratio of the static relative permittivity ‘εs’ to the permittivity of free 
space ‘ε0’, in other words the ratio of the electrical energy stored in a dielectric when an 
electric field is applied, to the energy stored if in the place of the dielectric there was a 
vacuum. The amount of electrical energy stored is dependent on the degree of polarization 
of the dielectric. Thus εr is determined by the degree of polarization.  In non polar 
polymers the relative permittivity is low whereas in polar polymers is relatively large [19]. 
Take for example a non polar polymer PTFE, which is used as cable insulation in aircraft 
cabling systems having an εr = 2.1. Mica on the other hand, a ceramic raw material, is a 
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polar dielectric having an εr = 7 [25]. The relative permittivity depends on the following 
parameters: 
• Frequency  
• Temperature  
• Density (for non-polar polymers εr increases linearly with increase in density) 
 
As the frequency increases, polarization tends to decrease since it consists of four 
mechanisms, each of which takes place at different frequencies, depending whether or not 
this happens at the atomic level or the molecular level. The four polarisation mechanisms 
are the electronic, the molecular, the orientational and the interfacial polarisation [18, 19]. 
As the frequency increases some of these mechanisms are relatively slower and cannot 
keep up and as a result the relative permittivity decreases.  
At low frequencies temperature can affect the degree of polarization by 
disorientating the dipoles formed when the dielectric is placed in an electric field. This can 
also increase or decrease the relative permittivity. The degree to which the dipoles 
disorientate depends on the type of material and the bonding between molecules and atoms 
[19]. 
As far as density is concerned, the higher the density the higher the relative 
permittivity. This is reasonable since if more molecules are present in a certain volume, it 
means that more dipoles can be formed with the application of an electric field [19]. 
In this thesis, PTFE (a non polar material), has been used for analysis and based on 
[16], its relative permittivity remains constant up to a temperature of 200oC and throughout 
the range of operating frequencies seen in aircraft power systems (400 Hz-1 kHz). It is 
important though to illustrate the difference in the PDIV between two cables consisting of 
the same insulation thickness but of different materials and thus having a different relative 
permittivity. Figure 2.11 shows this difference in PDIV. It has to be noted that the results 
shown in the figure below were obtained by using the calculation procedure described in 
the previous Section 2.2.4.1, for a single unscreened cable lying on a ground plane. In this 
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case the PDIV is based on PD occurring between the outer cable insulation surface and the 
grounded plane. 
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Figure 2.11:  Peak PDIV for a range of insulation thicknesses, for cable consisting of PTFE insulation (εr= 
2.1) and Mica (εr= 2.1), at an ambient pressure and temperature of 18.8 kPa and 25oC respectively 
 
If the relative permittivity changes in a space in the insulation, the capacitance of that local 
space will either increase or decrease, enhancing or reducing respectively the local electric 
field. A higher electric field through the insulation would cause a higher percentage 
voltage across that region. For example it has been mentioned that if the electric field 
across the healthy part of the insulation is Ea, then the electric field across an existing 
cavity in the insulation will be εrEa. Thus the higher the relative permittivity the greater 
will be the electric field across the gap and the PDIV will consequently be smaller. 
 
2.2.8 Effect of Space Charge on the Electric Field Distribution 
Space charges can be electrons and protons and/or negative and positive ions that are 
trapped inside a dielectric. Electrons or protons are generated when high electric fields are 
applied on the cable conductor, in which case the charges are injected from the conductor 
into the insulation and become trapped inside. Positive or negative ions result from 
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molecular dissociation [26]. Space charge can also accumulate inside the insulation “by 
charge separation from ionic impurities within the material” [26]. According to Gorur G. 
Raju in [16] the space charge is created due to the “large difference in the mobility of 
electrons and positive ions” and this gives rise to an “electric field in-homogeneity”. 
Another incident that can cause space charge accumulation is a temperature difference 
across the insulation and also if the insulation consists of multiple layers and multiple 
interfaces. 
Equation 2.15 for fract(Vd), does not take into account the effect of “space charges”. 
Space charges either reduce or enhance the local electric field in different areas within the 
insulation [23]. The space charges can be (according to R.N Hampton), of a long term or a 
short term type. Long term refers to a slow space charge decay after the applied voltage 
has been turned off and this way affecting the “material’s strength and enhancing ageing” 
[23]. For ‘short term’ as the name suggests, the space charge decays fast when the voltage 
is switched off. In either two situations the space charge accumulation is contingent on the 
magnitude of the electric field, the type of material, number of layers, impurity percentage 
and the current state of the insulation, i.e. how long was it used and under what electrical 
and environmental conditions. 
Three conditions can lead to space charge build up. The first is that electric field and 
or temperature across the insulation is equal or greater to the “space charge accumulation 
threshold”. A significant temperature gradient affects the conductivity ‘σ’ of the insulation 
and the permittivity ‘ε’. This induces space charge, either due to the temperature difference 
which causes alteration in the value of σ and ε in different areas in the insulation, or the 
existence of multiple layer insulation which again results in different σ and ε values for 
each layer. These effects cause the “Maxwell-Wagner-Sillars (MWS) polarisation”, which 
only applies if the electric field is not high enough to cause charge injection from the 
electrodes [27]. The effect of space charges under alternating current (AC) conditions is 
insignificant because space charge does not have enough time to accumulate. However 
under direct current (DC) conditions the effect becomes considerable. 
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2.2.9 Interfacial Effects of Layer Components in Cable 
Insulation on the Electric Field Distribution 
The existence of interfaces in a cable introduces problems regarding the 
enhancement of “electrical, mechanical and thermal stresses of the insulation” [27]. 
According to [27] the interfaces can be the cause of initiating partial discharges due to non-
smooth contact of one interface with the other. This stands true when the cable is both 
under an AC or a DC voltage. “When the cable is under DC voltage, the partial discharge 
activity is a second order problem because of smaller repetition rates than in the case of 
AC voltage”[27]. Despite the smaller repetition rate under DC, space charge can 
accumulate “in the insulation bulk particularly if multiple interfaces exist”. The area of 
interfacial contact attracts space charges more than usual if materials of low mobility are 
present for example in polymers. It is of great importance the effect that the presence of 
multiple interfaces has on polymeric insulation layers in a cable, when a DC or an AC 
electric field is applied. Since space charges can vary the electric field distribution quite a 
lot from its normal geometrical form, they speed up the decay and the breakdown of the 
insulation [27].  
Based on [27] if the cable has two insulation layers, the non uniform electric fields 
in insulation layer 1 and 2 respectively, including the effect of surface free charge density 
at the interface, is given below by the first term in equation 2.19. The second term is added 
to account for the effect of space charge gathered in the bulk [27]: 
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E(1,2) = Electric field in Insulation layer 1 and 2 respectively (Vm-1) 
ε1,2 = Relative permittivity in insulation layer 1 and 2 respectively 
VS = Supply Voltage (V) 
r1,2 = Radius of insulation 1 and 2 respectively (m) 
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p(r) = Space charge density (Cm-3) 
ε(r) = Relative permittivity as a function of the radius in the insulation layers 
  
This “general” equation is derived by [27], taking into account the geometrical Laplacian 
and Poison’s field related with the surface charge density at the interface. For more 
information on the derivation of the equation look at [27]. It has to be noted that in this 
dissertation the space charge and the interfacial effects are not included in the safe 
operating voltage assessment, but they are mentioned here to point out the necessity of 
further research on this subject. 
 
2.2.10 Discussion on the Relative Effect of Supply 
Frequency and Temperature on Gas and Solid Insulation  
Partial discharges can occur internally within a cavity in a dielectric or externally, 
as described in Section 2.2.4, between the insulation and the ground when the cable is 
installed for example in an aircraft. The breakdown voltage of the gas “VBrk” in the gap 
determines the inception voltage at which partial discharges will initiate. Thus, if the 
voltage across the airgap is equal or greater to VBrk, then partial discharges will be 
generated. As discussed, the voltage across the gap is a fraction of the supply voltage and 
can be calculated approximately using the potential divider rule as used in circuit analysis. 
The diagram for analyzing partial discharges is shown below in Figure 2.12.  
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Figure 2.12: Circuitry used for analysing PD under an AC and a DC voltage. 
 
From Figure 2.12 it is obvious that relative changes in the impedance values of the 
part of the circuit representing the cavity in series with the healthy part of the insulation, 
will result in changes in the voltage across the void. Furthermore this might result in 
changes in the inception voltage. This also stands in the case of an external airgap. The 
concerning impedances are determined by the capacitance and the resistivity of each part. 
Thus, the inception voltage depends on the fraction of the voltage across the gap and the 
breakdown voltage of air. 
The question is: ‘Does a change in frequency and /or the temperature trigger a 
change in the resistance or the capacitance of the system? If so, under what processes they 
cause this change’. Does it alter the electrical properties (relative permittivity ‘εr” and the 
dissipation factor ‘tan (δ)’) of the dielectric and/or of the air in the external or internal gap? 
Does the increase in the system temperature result in changes in the resistivity ‘p’, εr and 
tan(δ)? The frequency and temperature response of these parameters must therefore be 
investigated to obtain a full understanding.  
Even though the impedance of the insulation decreases with frequency, the 
impedance of the gas in the gap, for example air, also decreases with the same proportion. 
Thus the fraction of the voltage across the gap remains unaltered and no change in the 
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PDIV is expected. This statement holds, provided that the breakdown voltage of the air 
based on Paschen’s law remains unaltered and if the electrical parameters of insulation and 
gases in the gaps remain unchanged.  
Under AC conditions the resistive part of the circuits in Figure 2.12 is infinite and 
the voltage across the insulation and the airgap and the cavity within the insulation, is 
determined by the capacitive reactance. There will be point at very low frequencies where 
the capacitive reactance will be comparable with the resistance part and thus both circuit 
elements will affect the voltage distribution.  
The main concern is a change in εr and tan(δ) with increase in frequency and 
temperature. As mentioned in Section 2.3.4, for PTFE and other Polyethylene dielectrics 
these electrical properties remain fairly constant up to frequencies of several kilohertz and 
temperatures up to 200 ºC. For PTFE, tan(δ) is approximately 0.0001 and εr = 2.1. On the 
other hand according to [12], at about 10 kHz the relative permittivity “εr” of Polyvinyl 
Chloride (PVC) insulation decreases slightly. Furthermore for this type of dielectric, the 
capacitance of the healthy part of the insulation in series with the cavity decreases and the 
capacitive reactance increases. As a result the voltage across the insulation increases whilst 
the fraction of the voltage across the external airgap or internal cavity decreases. If the PD 
inception voltage was “X” Volts before εr decreased due to the frequency increase, the 
applied voltage on the conductor can be increased further, since the maximum voltage 
across the gap is now less than before. It has to be mentioned that in this situation, a higher 
inception voltage was achieved due to the increase in frequency affecting the relative 
permittivity of the solid insulation rather than the permittivity of the air.  
The relative permittivity of PTFE remains constant since it is a non–polar polymer 
and thus at low frequencies the inception voltages will not be affected. According to [16], 
tan(δ) is found to vary from 10 x 10-5 to 8 x 10-5 as the frequency increased from 100 Hz to 
1 kHz at 1 atmosphere (100 kPa), while the temperature was kept constant. A further 
increase in frequency from 1 kHz to 30 kHz caused tan(δ) to increase to an approximate 
value of 25 x 10-5. From this information it is obvious that frequency does not affect ε and 
tan(δ) directly within the frequency range of interest. However the indirect effect of the 
increasing frequency (i.e. increase in dielectric losses and therefore the dielectric’s 
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temperature) on these parameters requires further investigation. Since for PTFE insulation, 
which is used in this thesis report as a basis for insulation voltage rating and current rating 
analysis, the effect of frequency on PD within the range of interest (50 Hz up to 1 kHz) is 
insignificant, the effect of temperature remains to be examined. The power dissipated in 
the dielectric per unit length ‘Wdielectric’ if the cable is unloaded is given by [18]: 
 
( )( )2 12 tandielectric sW V fC Wmpi δ −=                      (2.20) 
 
 
 
VS = Supply voltage (kV) 
f = Frequency of supply (Hz) 
C = Capacitance of insulation (F) 
tan(δ) = Dissipation factor 
 
If the cable is loaded then the power losses per unit length ‘WC’ produced due to the 
current ‘I’ flowing through the cable conductor having a resistance per metre ‘RC’, is given 
by ‘WC = I2RC’. Thus the total power dissipated in the dielectric is the sum of all losses 
‘Wdielectric + WC’. From equation 2.20, it can be observed that by increasing the frequency 
will cause the energy dissipated in the dielectric ‘Wdielectric’ to increase. This will cause an 
increase in the insulation temperature which in turn might lead to further alterations in the 
resistivity of the insulation and/or of the airgap. For PTFE, tan(δ) is approximately 0.0001. 
If this value remains constant and the capacitance is relatively small (in the order of Pico 
farads), the dielectric losses are also very small for supply voltages up to 600 V. This is the 
PD inception voltage for the type of cable being examined at 11.6 kPa. Even if the 
frequency rises from 50 Hz to 1 kHz, the increase in the losses will be minute.  
To illustrate the effect of frequency on the temperature rise of the insulation, a 
screened PTFE insulated cable is used here as an example.  A 500 mm length of screened 
cable was tested having a capacitance of approximately 535 pF. It has to be noted however 
that in the case of unscreened cables, the capacitance depends on the cable installation 
method.  The inception voltage of this cable was found to be 600 V using a method which 
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will be described in Chapter 5. At a supply frequency of 1 kHz the dielectric losses are 
calculated to be 0.121 mW, based on equation 2.20. Knowing that the thermal resistivity 
(pT) of PTFE is 5 Km/W, the thermal resistance of the insulation can be calculated using 
the formula [28]: 
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                       (2.21) 
TR = Thermal resistance (Km/W) 
pT =Thermal resistivity (Km/W) 
r1,  r2 = Internal and external cable radius respectively (m) 
 
 
Thus if ‘TR’ is 0.174 Km/W, the temperature increase (∆θ = W.TR) is almost 0 K 
and the electrical parameters of the insulation are not affected, unless the increase in 
frequency causes an increase in tan(δ) orders of magnitude. Even if the resistivity changes 
at higher temperatures when the cable is loaded, the resistive part of the circuit still 
remains infinite compared to the capacitive part and unless the electrical permittivity ‘εr’ 
changes (and thus the capacitance) because of the heat, then the fraction of the voltage 
remains the same as well.  
Under DC conditions the capacitive part of the impedance relative to the resistive, 
is infinite and the fraction of the voltage across the gap is determined mainly by the 
resistance of the insulation and the air in the gap. The higher the resistivity, the higher the 
electric field will be in that region. Therefore an increase in insulation temperature will 
decrease the resistivity of the insulation relatively to the resistivity of air in the gap. 
Furthermore the local electric field through the healthy part of the insulation decreases. 
This might result in a smaller inception voltage (PDIV), because the voltage across the 
airgap will be higher.  
What is certain is that the increase in frequency will increase the repetition rate of 
partial discharges which will follow the frequency of the supply voltage (discharges 
occurring every half a cycle). At very low frequencies this might not be the case depending 
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on the material used. Furthermore the time constant ‘τ’ of the charging voltage across the 
cavity or airgap, relative to the positive and the negative rising time of the system voltage, 
will determine the repetition rate. 
 
2.3 Test Methods for Detecting Partial Discharges 
Partial discharge (PD) measurements are made by “integrating the discharge current at the 
leads of the test object” [29]. Different quantities are measured when performing the test 
depending on the type of the supply voltage, that is whether it is a DC or an AC voltage. 
Since partial discharge occurrence is a random process, a lot of data has to be recorded to 
achieve accurate results. Currently for the detection of PD, whether an AC or a DC voltage 
is applied on the testing object, the circuits used are according to the “IEC60270” standard. 
The smallest discharge frequency that can be observed depends on the resolution of the 
analogue to digital converter of the PD detector used. The maximum recording time 
depends on the memory size of the detector. Test circuits for both AC and DC are shown in 
section 2.3.3. 
Methods for testing PD include electrical and non-electrical methods. Non 
electrical methods involve acoustic, visual or optical and chemical detection. These will 
not be described here. This section will focus on the description of electrical methods only. 
 
 
2.3.1 Electrical Methods for Detecting Partial Discharge 
Three electrical methods currently exist for PD detection. All methods make use of an 
“RCL type pulse detection circuit with different sensitivities” [29]. An RCL circuit consists 
of a resistance, a capacitance and an inductance connected in parallel.  In the past RC types 
were also used but the RCL type gives a greater sensitivity and is less vulnerable to noise 
[29]. The three methods for partial discharge detection are: 
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• Testing capacitance connected in series with the RCL impedance and both 
connected in parallel with a “corona free blocking capacitor”. 
• Testing capacitance connected in parallel with the blocking capacitor which is in 
series with the RCL impedance. 
• Two identical branches: Each branch consisting of a testing capacitance with the 
RCL impedance. Furthermore both branches can be placed in parallel with the 
blocking capacitor. This is also known as the balanced circuit.  
The purpose of using the last configuration is where PD tests require the 
elimination/balancing of outside interference. However, the most common arrangement 
used is the second one. In [29], it is mentioned that when high frequency PD is 
investigated, an RC type is used in place of the RCL circuit. Despite the fact that a 
different type (RC instead of RCL) is used, the circuit configurations adopted are the same 
as the ones described above. All PD testing circuit configurations are shown in BS EN 
60270 [30]. 
 
2.3.2 Characteristics of Partial Discharges 
A partial discharge is a localised current pulse and according to [30] it has duration of less 
than 1 microsecond. This current pulse is reflected as a voltage pulse in the monitoring 
system which displays the discharge. The duration of the pulse differs if the partial 
discharge is the outcome of a Townsend breakdown, or a Streamer breakdown. Another 
form of partial discharge can occur which is called a “Pulse-Less discharge” [20]. The 
figures below show a partial discharge (current pulse) as obtained from [20], in the case of 
a Townsend and a Streamer mechanism respectively: 
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Figure 2.13: Typical voltage pulse resulting from a) Townsend breakdown mechanism and b). Streamer 
breakdown, at the output of the PD detector [20]  
 
2.3.3 Partial Discharge Detection Circuit 
Just to explain the partial discharge measuring method, the 2nd standard testing circuit is 
used as shown in the following figure: 
 
Figure 2.14: Circuit diagram describing the method of partial discharge measurement 
 
Before starting the experiment the PD detector has to be calibrated so that the monitoring 
system can measure the amplitude of PD properly. When a new testing capacitance is 
connected to the circuit, the system requires calibration because the testing capacitance 
a). b). 
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itself affects the circuit characteristics. The calibration method involves the injection of 
charge (short duration current pulse) of known magnitude on the testing capacitance. This 
way the monitoring system can appoint a certain voltage for that discharge pulse, if the 
same magnitude appears through the testing capacitance when a high voltage is applied. 
Further information on how the test is performed will be described later on.   
 
2.3.3.1 Partial discharge tests under an AC voltage: 
When the applied voltage is sinusoidal, then the quantities that are measured are the 
discharge magnitude, the instantaneous voltage applied ‘Vinst’ across the testing object and 
the phase angle at which the discharge occurs. According to [31] the data obtained are used 
to plot a histogram of discharge magnitude ‘q’ against phase angle ‘φ’. With this data the 
different types and causes of PD can be deduced because each type results in a different 
discharge magnitude to phase relationship [31]. The dielectric circuit used to analyse AC 
PD is shown below in Figure 2.15. 
 
 
 
 
 
 
 
Figure 2.15: Circuit used to analyse partial discharges under an AC voltage 
 
2.3.3.2 Partial discharge tests under a DC voltage: 
Under DC the basic quantities that are measured are the discharge magnitude ‘q’, the time 
‘t’ at which the discharge occurs and the instantaneous voltage ‘Vinst’ across the test object 
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[31]. In addition to the time of discharge occurrence, the time difference between 
discharges can also be recorded [20] and finally the frequency of discharges [32]. Again by 
generating graphs of PD magnitude against time of occurrence, the type of defect in the 
testing object can be observed. For example different types of defect can be separated if the 
discharges occur on the surface of the testing object, or if a cavity is present etc. All the 
quantities measured can also be used to plot distribution and density functions. These give 
a clear indication of the different types of PD effects that are present. PD under a DC 
voltage can also be presented in the following ways according to [20]: 
 
• On a “Probability Density Histogram” where the probability density of discharges 
“h (q)” in 1/pC is plotted against discharge magnitude “q” in pC.  
• A plot of discharge magnitude “q” in pC and/or the discharge repetition rate “fPD” 
in 1/min, against the supply test voltage in kilo-Volts (kV). 
• Average magnitude of the successor/predecessor discharge “ /suc preq ” in pC against 
discharge magnitude “q” in pC. 
• Average time “ /suc pret∆ ” in seconds to the successor/predecessor discharge against 
discharge magnitude “q” in pC. 
• Cumulative discharge repetition rate in 1/min against PD magnitude “q” in pC.  
 
The dielectric circuit used to analyse DC PD is shown below in figure 2.16. As 
opposed to the AC case the circuit includes the resistances of the healthy part of the 
insulation, the resistance of the void and the resistance of the insulation part in series with 
the void. 
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Figure 2.16: Circuit used to analyse partial discharges under a DC voltage 
 
2.3.4 Information on Partial Discharge Tests for an Aerospace 
Cable Sample 
Any type of cable must undergo PD tests, as well as “flashover, arc-tracking and 
multi-stress ageing” tests [33]. For aerospace applications, the cable must be tested in an 
environment similar to the actual one when the aircraft is in flight. Ideally the cable should 
be placed in a low pressure chamber, where the temperature inside the chamber can be 
varied according to the position of the cables placed in the aircraft. For example a high 
surrounding temperature should be used if the cable is installed near the aircraft’s engines 
in the nacelle or near other heat sources.  
• Based on recent information received from the department of Electrical Systems – 
EDYNE of AIRBUS France, the sensitivity of the PD detector should be “5 pC or 
less”. 
• A minimum length of the cable sample must be used for testing so that its 
capacitance allows detection by the PD detector. “The minimum length should not 
be smaller than 850 mm” [59]. The ends of the cable are subject to partial 
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discharges. These end effects can be avoided by following a standard procedure. 
This might involve, for example, placing the two ends in insulating oil. 
• The supply voltage should be raised at a rate of 50 V/s if the extinction voltage 
specified by the manufacturer is up to 3 kV. If it is greater than this value, then it 
should be raised at 100 V/s. However in the ASTM D 149 standard the rate of rise 
is specified as 500 V/s [33] if the cable insulation is tested for breakdown. The 
length of the test specimen used was about 12 inches long, that is about 30.5 cm. 
As far as repetition rates are concerned, it has to be noted that in DC conditions the 
PD inception voltage is considered according to [20], only when the discharge 
repetition rate is greater than 1 discharge per minute.  
 
2.4 Significance of Partial Discharges in 
Measuring SOV 
PD tests are the most appropriate tests used to assess the quality and lifetime of 
cable. These tests are done to investigate the dielectric capability of a cable, specifically 
the existence of air filled voids in the dielectric insulation along the cable [34]. These tests 
can also be done to investigate external partial discharges like the cases described in 
section 1.3.1. In this case the airgap between the insulation and the ground is of great 
significance. These scenarios occur in places where the cable is installed and where the 
ends of a cable are bending to be connected to a voltage bus where the power is further 
distributed to the loads all around the aircraft.  By considering the different types of 
discharges, the inception voltage at which each discharge type is initiated can be 
determined. The discharge having the lowest partial discharge inception voltage (PDIV) is 
the determining type of discharge and the corresponding PDIV could be used to further 
determine a safe operating voltage (SOV) for a cable system. 
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2.5 AC and DC Electric Fields 
As it was described in the section 2.3.1, Paschen’s Law can be used to determine SOV. 
Paschen’s Law gives the relationship between the breakdown voltage of air and the 
pressure-distance product. Thus if the operating voltage is an AC voltage, the fraction of 
the voltage across the gap, (being a function of the relative permittivity, the insulation 
thickness of the cable and the airgap size), can be determined. The equation of the fraction 
of the voltage across the gap has been derived based on a linear electric field distribution 
assuming an AC supply voltage. If however the supply voltage is a DC voltage, then the 
equation is not valid. The equation has to be derived based on an electric field which 
depends on the resistivity of the materials instead of the relative permittivity. Therefore 
investigating the differences between AC and DC electric field distributions is vital, if a 
DC SOV calculation is to be developed either assuming a uniform or a non uniform 
electric field distribution.  
When an alternating current passes through a cable, the electric field changes 
continuously whereas in the case of direct current the electric field is constant. Using this 
fact, the differences between AC and DC electric fields can be deduced and explained.  
The electric field distribution in a cable for example depends on the conductivity, 
the permittivity, the geometry of the insulation, the applied voltage and the space charge 
density [30]. Considering the geometry and the applied voltage to be constant, under AC 
conditions the permittivity governs the distribution and the nature of the electric field. The 
electric field will concentrate in the region of lower permittivity. Under steady state DC, 
the electric field is dependent mostly on the conductivity and the space charge density and 
thus it will concentrate in the region of lower conductivity [35].  
According to [33], space charge accumulation greatly affects the electric field. The 
breakdown voltage of an aerospace cable was tested under DC and variable frequency AC 
voltages at different temperatures. The results showed that under DC conditions the 
breakdown voltages were lower than in AC. The reason given for this phenomenon was 
long term space charge accumulation. These space charges were lowering the local electric 
field within the insulation because the dipoles’ orientations, within the polymeric 
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insulation, were aligned in the opposite direction to the field. Space charge of this polarity 
is called homo-charge. However the space charge being accumulated could create dipoles 
aligned to the direction of the field. This type of space charge is called hetero-charge and 
would result in lower breakdown voltages. 
When the testing specimen is under an AC electric field the resistive part of the 
insulation is relatively infinite to the capacitive one. In steady state DC conditions the 
capacitances act as an open circuit and the resistive part of the dielectric, in other words the 
conductivity governs the electric field distribution. Any external parameters such as 
temperature and temperature gradient can alter the conductivity of the insulation. For 
example when a screened cable is under loading conditions, the insulation will be less hot 
near the sheath and thus the conductivity will be lower, resulting in a higher electric field 
near the sheath rather than near the conductor [36]. Because of this change in the electric 
field distribution in a DC cable, PD will stop in certain areas in the cable insulation and 
will ignite in others. This fact is also confirmed by R.N. Hampton in [23], where it is stated 
that the electric field inversion from the conductor to the insulation shield occurs in all 
materials and that the degree of inversion is dependent upon the materials used as dielectric 
insulation.  
PD repetition is explained in AC with the fact that the voltage varies sinusoidally 
with a certain frequency whereas in DC the repetition occurs because of the “finite 
resistivity of the insulation”. This allows the recharging of the cavity’s capacitance up to 
the original breakdown voltage level of the cavity. Since in the DC case PD repetition rate 
depends on the time constant ‘τ’ of the charging cavity (which is large due to the high 
insulation resistance), resulting repetition rates are smaller. This also implies that the 
repetition rate is dependent on the conductivity of the insulation and therefore its resistance 
‘Rb’. This resistance can change “degrees of magnitude if the temperature is increased from 
20 0C to 60 0C and 90 0C”, resulting in a similar change of τ [20]: 
 
( )b C b c
b c
R R C C
R R
τ
+
=
+
                         (2.22) 
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Rb = Resistance of the insulation in series with the cavity (Ω) 
RC = Surface Resistance of the cavity (Ω) 
Cb = Capacitance in series with the cavity (F) 
CC = Capacitance of the cavity (F) 
The repetition rates at DC and AC are only equal if ‘dV/dt = V/τ’ [20].
 
The parameters in 
equation 2.22 are shown in the circuit in figure 2.17:  
 
Figure 2.17: Circuit diagram for analysing DC partials discharges [16, 29]. 
 
PD magnitudes at DC voltage are also smaller due to the fact that the overvoltage 
‘∆V’ that appears across the cavity/void is smaller under DC than under AC conditions. 
This is due to the fact that the time it takes for the voltage to rise above the minimum 
breakdown voltage is much less than the average statistical time lag ‘tL’ (the time it takes 
for a PD initiating electron to appear – see Figure 2.18): 
 
Figure 2.18: Voltage across cavity in a solid dielectric taken from [20] 
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Vmin = Minimum breakdown voltage (kV) 
tR = Recovery time (ms) 
Vr = Residual voltage across the cavity after a discharge (kV) 
VI = Voltage across the cavity at which PD is initiated (kV) 
Vcon = Maximum voltage that would be seen across the void if no PD occurred (kV) 
 
At the stage where the voltage might be switched on or off, increased stepwise or 
even if a polarity reversal occurs, the PD magnitudes will increase since the field 
resembles the AC case where the voltage changes very fast with time (i.e. ‘dV/dt’ is high).  
AC PD “leads to material erosion and electrical treeing” [37] which in turn leads 
to insulation breakdown. As far as DC PD is concerned, this does not cause breakdown 
directly, but only helps to recognize the vulnerable areas in the dielectric insulation which 
might be the cause of electrical breakdown [37].  
 
2.5.1 Differences in the Calculation of the Electric Field 
Calculation of electric field differs in AC and DC conditions because in the latter case the 
variation of the temperature and the electric field affects the value of conductivity. In 
addition long term charges accumulate at interfaces distorting the electric field. These 
charges can enhance the local field as hetero-charge or reduce it as homo-charge. The 
relative permittivity ‘εr’ and the dissipation factor ‘tan(δ)’ is also subject to change with a 
variation on temperature but the question is how significant are these effects when a DC 
voltage is present.  
Direct current electric fields can be time dependent if you look at different 
conditions such as switching on or off the High Voltage DC (HVDC) supply, sudden drop 
of electronic loads etc [31]. Under AC conditions, the electric field is given by equation 
2.21 for a screened cable and it depends on the geometry (cylindrical radius of insulation 
‘r’, radius of conductor and insulation) and the voltage ‘V’ applied on the conductor of the 
cable [35]. 
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Ro = External radius of insulation (m) 
Ri = Internal radius of insulation (m) 
r = Radius of the point of interest in the insulation (m) 
 
Under DC “steady state conditions”, the electric field ‘E(r)’ is given by equation 2.22 [35]:  
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Where k can be calculated using the following formula [35]: 
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E(r) depends also on the conductivity ‘σ’ (reciprocal of resistivity ‘p’) and this varies 
according to the electric field ‘E’ and the temperature ‘θ’ [36]: 
 
T Ea E
oe e
θ γρ ρ − −=
                                   (2.24)  
 
po= Resistivity of Insulation when Temperature coefficient = 0 (Ωm) 
γE = Field dependency coefficient 
αT = Temperature dependency coefficient 
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From equation 2.22 we can see that if k = 0 (i.e. no temperature drop from the conductor to 
the insulation) and γE = 0 (i.e. the field dependency is zero), the equation is simplified to 
equation 2.21 where the insulation behaves capacitively. According to Jeroense and 
Morshuis [35], equation 2.22 is simplified if we neglect the field dependency of the stress 
distribution. This is a good approximation if relatively low stresses and temperature drops 
are involved and equation 2.25 is obtained if γE = 0 [35]: 
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According to R. N. Hampton in [23], the value of k is given by [23]: 
( )
2 1
2 1
2
1
VW
r r
V
r r
βα
piλ
κ β
 +  
− 
=
  + 
− 
                       (2.26) 
 
This is in agreement with the findings of C.K Eoll in [36] where the symbol ‘γE’ in his 
paper represents the term ‘βV / (r2-r1)’. However in [23], equation 2.25 is derived 
excluding the effect of stress dependence ‘β’ which is denoted as ‘γE’ in [36]. Equation 
2.22 includes the effect of stress dependency. Equation 2.25 and the equation given by 
R.N. Hampton is exactly the same but the latter includes stress dependency in the 
evaluation for k above. 
When a load is applied (i.e. connected to the cable) the temperature changes along 
the cable and thus the electric field distribution. The cable might be subject to load 
changes, supply changes, polarity reversals or the load might be switched on and off. All 
these changes on the cable, affect the electric field distribution and thus the maximum 
voltage capability of the cable insulation. The reason why in AC conditions the electric 
field distribution does not depend on the conductivity is because the voltage changes in a 
relatively short amount of time. This time is much smaller than “the time constant of the 
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insulation which is determined by the permittivity and the conductivity of the insulation” 
[35].  
The above equations do not include the effect of power losses due to the leakage 
current being produced in the dielectric. Up to several kilo-Volts, these losses are so small 
that can be neglected. This is a statement which requires further examination. If the 
opposite is true however, [36, 38] provide equations to account for leakage current losses.  
 
2.5.2 Similarities 
The cavity thickness and the pulse width relation observed in a DC PD are also observed in 
the AC PD case. This relationship shows that the discharge pulse width increases with 
cavity thickness whereas the pulse height decreases [20]. Partial discharge repetition rates 
are the same for DC and AC when ‘V/τ = dV/dt’.  PD Magnitudes are comparable only at 
very small frequencies where dV/dt is very small. The electric fields are calculated using 
the same equation only when the DC voltage is changing either due to changing loads, 
switched on/off etc. 
 
2.6 Summary  
In Chapter 2, a literature review has been carried out on PD and the effect of this 
phenomenon on aircraft cables. The locations where PD is most likely to occur have been 
illustrated and the recommended voltage selection process to avoid these discharges in an 
aircraft environment, has been described. The calculations take into consideration the 
effect of temperature on the breakdown voltage of air, which is related to the pressure 
distance product according to Paschen’s law.  
The factors influencing the cable insulation properties and the properties of air have 
been explained. Furthermore a discussion has been carried out on the effects of 
temperature and frequency on the air electrical properties relatively to the cable insulation 
electrical properties.  
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The chapter also provides information gathered from literature on the existing 
electrical methods used to measure and analyse PD under both AC and DC voltage 
conditions. The relevant standards for testing an aerospace cable are also given together 
with the testing procedure. Finally, gathering information from literature, a comparison has 
been carried out on the calculation of the electric field when the cables are operated under 
AC and DC conditions.  
The chapters that follow compare the safe operating voltage (SOV) of certain AC 
and DC cable systems. In both cases, (AC and DC), the SOV is calculated based on the 
partial discharge inception voltage (PDIV) and by using the same methodology, assuming 
that the electric field distribution is determined by the relative permittivity of the dielectric 
materials, the dielectric thickness and the airgap distance. Furthermore PD tests are carried 
out under AC and DC conditions to evaluate the differences and the similarities in PDIVs, 
PD repetition rates and PD magnitudes.  
  
       92               
 
 
Chapter 3 
Cable System Optimisation 
 
In this chapter, two methodologies are developed and explained in order to evaluate the 
maximum power that can be transferred though a certain cable system, considering 
restrictions on system weight and/or volume. The cable system might operate under AC or 
DC voltages and for illustration purposes a cable duct system is used for modelling and 
analysis.  
 
 
3.1 Introduction 
Installing a certain cabling system requires knowledge of the space available to 
accommodate the needs of the electrical system. Once this volume is evaluated, then the 
cables have to be placed in that volume in a configuration so as to achieve a maximum 
power rating. For example if a one-circuit three phase AC electrical system is used, this 
would require four cables coming out of a generator (three phases + neutral). The three 
phase cables would have to be spaced as far apart to account for thermal and partial 
discharge issues and in an order so that there is a minimum impedance unbalance and thus 
minimum current flowing through the neutral. In an aircraft system the overall cable 
weight would also have to be spread equally over the whole plane for stability issues etc. 
This chapter examines a certain cable system to be used in an aircraft, the best way to fit 
these cables in a duct, taking into consideration the volume, the weight, the maximum 
transmission voltage and current in each cable. The cable systems analysed include a one-
circuit three phase AC with no neutral, one-circuit three phase AC with neutral, a two-
circuit grounded DC system (two cables positive & two cables negative), a two-circuit 
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floating DC ((two cables positive & two cables negative),  a three-circuit floating DC and a 
two-circuit three phase AC with a neutral. Schematics with details for each system 
configuration are shown in the next section of this chapter in Figure 3.2. It has to be 
clarified here that the floating DC systems have the positive cable floating between zero 
and maximum positive voltage, whereas the negative cable floating between zero and 
negative maximum voltage. 
 
3.2 Development of Calculation Techniques for 
Limited Available Space  
For all the cable systems described in Section 3.1, the method described in Chapter 
2 for determining the partial discharge inception voltage (PDIV), was used to determine 
the safe operating voltage (SOV) in an aircraft environment, based on the insulation 
thickness of the cables in the duct, the airgap size and the type of insulation material. The 
analysis is based on the use of uniform electric field calculation models and the use of 
Paschen’s Law, which relates the breakdown voltage of air to the pressure-airgap distance 
product. The flow chart shown below gives an introductory illustration of the methodology 
adopted. 
 
 
 
Figure 3.1: Flow chart: Introductory illustration of the cable system optimisation methodology 
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 The procedure shown in Figure 3.1 was carried out for all cable systems described. 
The optimal cable system would be the one satisfying the electrical power transfer 
requirements and also offering the largest power to weight ratio. The analysis begins in the 
next section by explaining how the maximum insulation thickness was computed. 
3.2.1 Maximum Cable Size Calculation for a Fixed Duct Size 
Analysis has been carried out for each cable system placed in a duct as shown below in 
Figure 3.2. Furthermore equations have been developed for each case for calculating the 
maximum cable size if the duct diameter is known. Similarly if the cable diameter is 
known, the minimum duct size can be computed.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Cable systems in a duct. Dotted lines indicate the clearance                                                        
between cable to cable and cable to duct. 
 
The three-cable in a duct system represents a three phase AC system with no 
neutral. The four cable system represents a three phase AC system with neutral or a two-
circuit grounded DC (2 cables positive and 2 cables negative), or a two-circuit floating DC 
Cylindrical Duct 
Fluid Air 
Cable 
Clearance 
a) Three cable system in a duct b) Four cable system in a duct 
b) Six cable system in a duct d) Seven cable system in a duct 
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system where the conductors are allowed to float. The six cable system can be a two-
circuit, three-phase AC with no neutral or a three-circuit floating DC system. The seven 
cable system represents a two-circuit, three phase AC with neutral. For each system, 
equations 3.1-3.4 have been derived to calculate the maximum cable size when the duct 
diameter is known. (Note: The derivations are shown in Appendix C-1). Given a certain 
AWG size of conductor, the insulation thickness can be calculated after computing the 
maximum cable size. The insulation thickness will be used to find the maximum possible 
safe operating voltage based on Paschen’s Law (at specific ambient temperature and 
pressure), so that partial discharges are avoided.  
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• Four Cable System: 
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• Six Cable System: 
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• Seven Cable System: 
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rC  = Cable radius (m) 
rDuct = Duct radius (m) 
dWW =Clearance/Shortest distance  between two cables in duct (m) 
rWG = Clearance/ Shortest distance  between cables and duct (m) 
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For all cable systems a fixed duct size was set to illustrate the calculation 
procedure. To begin with, a duct with a diameter of 30 mm was used having a clearance of 
dWG = 2 mm, between cable and duct and a clearance of dWW = 4 mm between cable to 
cable, to allow the cables to be pulled through.  The cable clearances, were approximately 
chosen according to [39, 40], which state that the inner diameter of the duct should be 25% 
larger than the maximum diameter of the cable bundle. This means that in order to have a 
30 mm duct diameter, the cable bundle should have a maximum diameter of 22.5 mm. By 
using the above equations the maximum cable sizes were calculated. AWG conductor sizes 
from 4/0 down to 22 were listed. Knowing the maximum cable size and conductor size, the 
insulation thickness was calculated. Take for example the three cable system having a 
conductor size of 2/0 which has a radius of 4.63 mm. If the radius of the duct is 15 mm 
then by using equation 3.1, rcable = 4.96 mm. Thus the insulation thickness is equal to 4.96 
mm – 4.63 mm = 0.33 mm. This value of rcable is for dWG = 2 mm and dWW = 4 mm. The 
cable bundle radius can be calculated when rcable = 4.96 mm, by assuming that there are no 
clearances between the cables and the duct. Considering this value of rcable, the resulting 
cable bundle diameter is approximately 22 mm. This result satisfies the regulations for the 
maximum cable bundle size that can be installed in a conduit of specific diameter, since for 
a 30 mm diameter duct, the cable bundle diameter should be 22.5 mm. For the rest of the 
cable systems for which the number of cables in the duct is greater than three, the cable 
bundle radius is less taking into consideration the same clearances. It can be argued here 
that the duct used could have a smaller size and thus saving in volume. However for 
reasons of comparison and for calculation simplicity, the same clearance values are used. 
Table 3.1 gives the insulation thickness results for all cable systems using equations 3.1-
3.4, taking into account the clearances mentioned and the 30 mm duct. 
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TABLE 3.1 
CABLE GAUGE SIZES AND CORRESPONDING 
INSULATION THICKNESS FOR ALL CABLE SYSTEMS 
Cable 
Size 
Conductor 
Diameter 
Max Insulation 
Thickness  
 (3 cables) 
Max Insulation 
Thickness  
(4 cables) 
Max Insulation 
Thickness 
(6 cables) 
Max Insulation 
Thickness  
(7 cables) 
AWG (mm) (mm) (mm) (mm) (mm) 
2/0 9.260 0.330 - - - 
1/0 8.250 0.840 0.090 - - 
1 7.350 1.290 0.540 - - 
2 6.540 1.690 0.940 - - 
4 5.190 2.370 1.620 0.405 0.405 
6 4.110 2.910 2.160 0.945 0.945 
8 3.260 3.330 2.580 1.370 1.37 
10 2.590 3.670 2.920 1.705 1.705 
12 2.050 3.940 3.190 1.975 1.975 
14 1.630 4.170 3.400 2.185 2.185 
16 1.290 4.320 3.570 2.355 2.355 
18 1.020 4.450 3.700 2.490 2.49 
20 0.810 4.560 3.810 2.594 2.594 
22 0.640 4.640 3.890 2.678 2.678 
 
 
It has to be mentioned here that in cases where more than three cables are 
considered, the larger AWG conductor sizes (2-2/0) cannot fit into the 30 mm duct. These 
cases are marked on table 3.1 with a dash symbol. In addition, by using the values listed in 
the above table the safe operating voltage for each insulation thickness can be calculated. 
This is illustrated the next section. 
 
3.2.2 Safe Operating Voltage (SOV) Calculation 
The Safe Operating Voltage (SOV) is determined by calculating the RMS partial discharge 
inception voltage (PDIV). In practice the partial discharge extinction voltage (PDEV) 
should be used as the SOV, to eliminate the probability of PD initiation. Based on 
experience and on literature [11, 41, 42], PDEV can be about 20% less than the PDIV 
under AC conditions, but this value tends to vary. The PDEV cannot be calculated and thus 
the PDIV is used in this analysis to compute cable system voltages. 
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    As described in Chapter 2 - Section 2.2.4, the SOV can be calculated using 
uniform electric field approximation models and Paschen’s Law. This work has also been 
carried out by M.C Halleck [43] which states that a uniform electric field approximation 
can be used as long as the radius of conductor curvature is  greater than 0.79 mm. If the 
radius of curvature is smaller, then the PDIV estimation will be overestimated “to a 
maximum of 10%, to 20% for square edged electrodes” [43]. However the overestimation 
is also dependent on the thickness of the insulation and this will be shown later on. In this 
analysis, the types of partial discharges that are examined were shown in Section 2.2.4 in 
Figure 2.5. The figure is again shown below.  
 
      
Figure 3.3: Locations of PD taken into consideration in the calculation of SOV 
 
The description of the SOV determination begins by explaining how the cable to 
ground, cable to cable and the void discharge inception voltages are calculated. For each 
discharge type the safe operating voltage is symbolised as SOVCG, SOVCC and SOVV 
respectively. Once the inception voltages for each discharge type are evaluated, the lowest 
one is chosen to represent the SOV of the cable system. 
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3.2.2.1 Cable to ground airgap discharges    
Figure 3.4 shown below, illustrates how a uniform field calculation can be used for the 
three cable system, to obtain an approximate expression for the fraction of the voltage 
across the air gap ‘fract(Vd)’, between each cable and the grounded duct. fract(Vd) , is a 
function of the cable insulation thickness, the relative permittivity of the insulation 
material and the cable to ground airgap distance. 
 
               
1 2
3
i = 0.33 mm
i
i
d
                
Figure 3.4:  Three cable system: Cable to ground discharge “Diagram showing the simplification of the 
electric field calculation by using a uniform model”  
 
A uniform field approximation is applied since the air gap distances are quite small. 
In addition it is also assumed that the other conductors do not have an impact on the 
electric field in the gap and thus Paschen’s Law can be applied to solve the problem. It has 
to be noted that results are conservative since for small conductor sizes the electric field 
concentrates around the conductor-insulation boundary. The purple dotted arrows illustrate 
that a partial discharge or breakdown of the airgap could happen anywhere between the 
high voltage conductor and the enclosing duct. Thus the air gap distance ‘d’ varies and it 
would be very difficult to predict at which value of d breakdown would occur. Thus in this 
procedure, discharge inception voltages are calculated for a possible range of d and the 
lowest one is picked as the safe operating voltage (SOVCG) [12]. Looking at equation 3.5, 
the fraction of voltage across the air gap ‘fract(Vd)’ is calculated by: 
 
Vd 
Vi 
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 fract(Vd) = Fraction of the voltage across the airgap 
Vd = Voltage across airgap (V) 
Vi = Voltage across insulation (V) 
i =Insulation thickness (mm) 
d =Shortest airgap distance between cable and duct (mm) 
εr =Relative permittivity of insulation  
T
 
= Duct radius (mm) 
R = Cable radius (mm) 
T - R =dWG = Cable to ground airgap distance (mm)  
r = Conductor radius (mm) 
 
 
 
After fract(Vd) is evaluated, Equation 3.6 can be used to find the discharge inception voltage 
‘Vinception’ at which  partial discharges ignite, provided that the breakdown voltage of the air 
is known. The breakdown voltage ‘Vbrk’ of the air between the insulation and the duct is 
obtained from Paschen’s Law, shown in Figure 3.5 for a specific pressure, temperature and 
airgap distance:     
 
( )d
Brk
Inception CG
V
VV SOV fract= =                                                                                     (3.6) 
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Figure 3.5: Paschen’s Law for air [12] 
 
For a constant pressure of 11.6 kPa which is the approximate pressure at an altitude 
of 50,000 feet and an ambient temperature of 343 K [12], the airgap distance is varied from 
10 µm to 2 cm. fract(Vd) is calculated for all cases and then plotted on the same graph as 
Paschen’s Law for the same p.d product. By dividing the points of fract(Vd) from the 
corresponding points on the VBrk or Paschen’s Law curve, the inception voltage (Vinception 
or PDIV) curve is computed. From this curve the minimum point is chosen as the Safe 
Operating Voltage (SOV). 
 
 
Figure 3.6: Plotting fract(Vd) as a percentage on Paschen’s Law curve to obtain the Vinception curve [12] 
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3.2.2.2 Cable to cable airgap discharges    
The above calculations only include the case of a cable to ground discharge and this is not 
the only type of discharge that could take place. A discharge might occur between two 
cables (cable to cable airgap discharge), or even within a void in the insulation. The former 
case is shown diagrammatically in Figure 3.7:  
                
1 2
3
i = 0.33 mm
i
i
d
d
    
Figure 3.7:  Three cable system: Cable to cable discharge “diagram showing the simplified electric field 
calculation by using a uniform field model” 
 
In the cable to cable case, by integrating the electric field across the insulation thicknesses 
and the air gap distance, equation 3.8 is derived as shown in Chapter 2, Section 2.2.4.2.   
 
( )
1 2
1 2 2 11 2
d
r r
V
WW r r r r
dfract
d i i
ε ε
ε ε ε ε
=
+ +
                                 
                               (3.8) 
 
d
 
= Clearance/Shortest air gap distance between two cables in the duct (mm) 
εr1, εr2 = relative permittivity of insulation for cable 1 and cable 2 respectively 
i1, i2 = Insulation thicknesses of cable 1 and cable 2 respectively (mm) 
 
 
If the insulation of the two cables is of the same type, for example PTFE with a relative 
permittivity of 2.1, then εr1 = εr2. If the insulation thicknesses are also equal, then i1 = i2. 
Based on these assumptions Equation 3.8 can be adjusted as follows: 
εr2 
Conductor 
Conductor 
 dWW 
Vi1 
Vi2 
i1 
i2 
 Vd Air gap ε0 
εr1 
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This result shows that in the uniform field calculation case, the equation used to calculate 
fract(Vd) for the cable to ground case, can also be used for a cable to cable case. However 
for the latter, the insulation thickness used is twice as much: “2.i =2.(R-r)” (look at 
equation 3.9). Following the calculation of fract(Vd) , the same procedure has been carried 
out to compute SOVCC.  
 
3.2.2.3 Void discharges in the insulation 
When considering cable to ground discharges, the SOV which is calculated using a 
uniform electric field model, is always smaller in magnitude than the SOV which would be 
calculated if a coaxial electric field model was used. This is because a coaxial field model, 
as it will be analysed later on, results in a higher electric field at the surface of the cable 
conductor within the insulation, than within the airgaps [44]. Thus the ‘cable to ground’ 
SOV resulting from uniform field calculations is conservative and lies on the ‘safe side’, 
even though this also depends on the conductor size [43].  On the other hand, by using the 
uniform field model for a void discharge, SOV results would be greatly overestimated.  
A discussion will follow in Section 3.5.2 as to why a non uniform (coaxial), electric 
field model was chosen for the calculation of the SOVV for void discharges. The aim of 
Section 3.2 is to show the maximum power transfer calculation methodology. Figure 3.8 
shows the electric field coaxial geometry approximation. 
 
  
 
 
 
  
       104               
 
 
 
 
                                                                               
 
 
Figure 3.8: Non uniform (coaxial) model used for void discharge calculations: a). Three cable duct system & 
b). Coaxial cable model [45] 
 
Using the above model as shown in Figure 3.8b, Malik [45] has derived an equation to 
calculate the partial discharge inception voltage. This equation is shown below and it 
makes the assumption that a screen covers the cable insulation. This might not always be 
the case however this assumption does provide conservative results since it considers a 
high concentration of the electric field within the insulation, especially at the conductor 
insulation boundary [45]. 
                        
1
ln 1
K
V pos S
C
C pos
E R R LV
K R R
−   
 = +       
                                                                              (3.11) 
 
L stands for the void’s size/length. S is the insulation thickness, RS the cable radius, RC the 
conductor radius, Rpos the position radius of the void from the conductor centre to the outer 
insulation surface, K the field enhancement factor and EV the electric field in the void. 
The PDIV can be calculated by replacing EV in the above equation with the 
breakdown electric field of air ‘EBrk’ as defined by Paschen’s Law. Thus the discharge 
1 2
3
i
d
Void
Grounded 
Screen  
Cable 
Insulation 
Cable 
Conductor 
Grounded, “Virtual” Screen  
Cable 
Insulation 
Cable 
Conductor 
Duct 
a). Three cable duct system  b). Coaxial cable model  
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inception voltage of a cable through void discharge depends on the size and shape of the 
void, its location on an axis along the electric field line, the relative permittivity of the 
insulation material and the air pressure in the void. The worst situation for voids formation 
is when they are created near the conductor surface where the electric field is the strongest, 
especially if the conductor is very small. In addition the void is assumed to have a flat disc 
shape. For this type of void, the electric field in the void will be enhanced by a factor equal 
to the relative permittivity of the bulk insulation. In addition the size of the void used in the 
calculations which will follow, is assumed to be 80 µm. According to [12, 45], the larger 
the void size the smaller will be the discharge inception voltage. Hence a void of 80 µm 
will result in a lower SOVV, to be on the safe side. A very detailed explanation on the 
factors affecting a void discharge is given in [12].                                 
 
3.2.2.4 Safe Operating Voltage (SOV) 
Sections 3.2.2.1-3.2.2.3, provide the equations that are used to calculate the safe operating 
voltages for cable to ground (CG), for cable to cable (CC) and for (CV) void discharges. 
After calculating the inception voltages for the three types of discharges (SOVCG, SOVCC 
and SOVV), for a specific conductor size and insulation thickness, the lowest one is chosen 
as the SOV of the cable system. As an example consider a conductor with a radius of 
0.322mm and an insulation thickness of 4.64mm. The results for SOVCG, SOVCC and 
SOVCV are 2.3 kV, 2.0 kV and 4.5 kV respectively. The lowest is the cable to cable 
discharge inception voltage (SOVCC). The actual cable to cable RMS SOVCC is 3.5 kV and 
this voltage rating represents the maximum phase to phase voltage rating that can be 
applied across two cables. Thus the phase to phase voltage has to be divided by √3 to 
obtain the maximum single phase voltage rating, which is found to be 2.0 kV. 
Furthermore, for all insulation thicknesses as listed in table 3.1, the SOV was 
calculated based on a pressure of 11.6 kPa at an altitude of 50,000 feet and an ambient 
temperature of 343 K. Figure 3.9 shows all the SOV results for all cable systems that have 
been examined.   
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Figure 3.9: Variation of the single phase RMS/Peak DC voltage rating (SOV) with increase in conductor size 
for a fixed duct diameter of 30mm 
 
All cable systems show a decrease in the voltage rating with increase in conductor 
diameter. This is explained by the fact that a larger conductor size implies less insulation 
thickness for a fixed cable size. The bigger the number of cables in the duct, the smaller is 
the maximum cable size. Thus, for the same AWG conductor size, the insulation thickness 
is smaller resulting in smaller voltage ratings.  
For all cable system cases, either AC with and without neutral or grounded DC, the 
simulations determined that the mode of discharge with the lowest inception voltage was 
discharge in the air gap between two cables, in other words discharge caused by the phase 
to phase voltage. While the insulation between two cables is twice as thick as that between 
a single cable and the ground, the safe operating voltage does not double. For most systems 
in which the electric field can be considered uniform, the safe operating voltage appears to 
be roughly proportional to the square root of the insulation thickness. The double 
insulation thickness therefore only improves the voltage capability between two cables by 
a factor of around 1.4 in comparison to the voltage capability of a single cable. However, 
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in an AC system the voltage between two phases will be 1.7 times that of the phase to 
ground value, while for a grounded DC system the voltage between two cables will be 
double that between a cable and the ground. 
The DC floating case exhibits higher voltage ratings, since the limiting discharge 
type is the cable to ground discharge. To obtain a better understanding look at table 3.2. 
The table shows the SOV results for the two DC cases and for each conductor size, 
considering cable to ground and cable to cable discharges. 
 
 
TABLE 3.2 
CABLE GAUGE SIZES AND CORRESPONDING  
SOV FOR THE FOUR-CABLE DC SYSTEMS: “USED FOR COMPARISON” 
AWG 
DC  floating 
System: Cable to 
Ground (V) 
DC floating 
System: Cable to 
Cable (V) 
DC Grounded 
System: Cable to 
Ground (V) 
DC Grounded 
System: Cable to 
Cable (V) 
1/0 525.7 657.6 525.7 657.6/2 = 328.8 
1 1039.5 1449.8 1039.5 1449.8/2 = 724.9 
2 1357.1 1945.1 1357.1 1945.1/2 = 972.55 
4 1791.2 2629.1 1791.2 2629.1/2 = 1314.55 
6 2093.7 3112.6 2093.7 3112.6/2 = 1556.3 
8 2314.0 3465.5 2314.0 3465.5/2 = 1732.75 
10 2478.0 3731.0 2478.0 3731.0/2 = 1865.5 
12 2606.4 3938.5 2606.4 3938.5/2 = 1969.25 
14 2704.7 4096.1 2704.7 4096.1/2 = 2048.05 
16 2783.3 4221.9 2783.3 4221.9/2 = 2110.95 
18 2844.2 4320.2 2844.2 4320.2/2 = 2160.1 
20 2890.6 4395.0 2890.6 4395.0/2 = 2197.5 
22 2928.0 4455.3 2928.0 4455.3/2 = 2227.65 
 
 
The cable to ground discharge voltages are exactly the same for both cases since the 
insulation thickness is identical in both cable systems. For the same reason the cable to 
cable discharge voltages are the same. However in the DC grounded system, this cable to 
cable voltage has to be divided by 2 in order to find how much the voltage across the cable 
to ground should be. This voltage is lower than the cable to ground discharge inception 
voltage calculated initially and it is thus taken to be the Safe Operating Voltage (SOV). In 
the DC floating system, it is possible for one cable to be raised up to maximum system 
voltage. In other words if the voltage across two cables is 657.6 V, as shown in the first 
row of table 3.2 in the second column, this voltage can suddenly appear across the cable 
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and the ground. This would be the worst situation since the cable to cable voltage would 
appear across a single insulation layer (cable to ground). If the cable to ground capability is 
525.7 Volts for an AWG 1/0 size conductor, then a value of 657.6 would be improper to 
use. Thus the cable to ground voltage is chosen as the SOV.  
 
3.2.3 Maximum Operating Current Calculation 
As mentioned in the introduction the temperature and altitude do not only affect the 
voltage rating but also affect the current rating. For example take an AWG 8 cable 
conductor size operating at 150°C. If it is assumed that the ambient temperature can be 
20°C or 100°C, following the current calculation procedure and data provided in AS50881, 
the current rating is found to be 115 Amps and 90 Amps respectively. Note that these 
values are calculated based on the case of a single copper cable in free air. Furthermore it is 
required to derate these values if they are installed in bundles and consider the effect of 
higher altitudes.  
The current rating for each conductor size is obtained from AS50881 [11]. The 
standard contains three figures for calculating the current up to an operating supply 
frequency of 800Hz.  The first figure is used for finding the current depending on the 
temperature difference (conductor temperature rating minus the ambient). The other two 
give the derating factor if the cables are placed in a bundle and the correction factor for the 
altitude. The current rating is simply calculated by multiplying the data from the three 
figures together. Take for example an AWG cable conductor size of 2/0 which corresponds 
to a diameter of 9.26 mm. The current value depending on the temperature difference is 
367 A. If we take the three cable system data in column three from table 3.1 (case A: three 
phase AC with no neutral), the derating factor for three cables in a bundle is 0.7375 and the 
correction factor to account for the altitude is 0.7917 [11]. Thus, the current rating = 367 x 
0.7375 x 0.7917 = 214.28 A. Similarly for the four cable system (case B: three phase AC 
with neutral), the derating factors are the same since the neutral would carry no current if 
the system is balanced. For the DC cases, the altitude correction factor remains the same as 
expected, whilst the derating factor for cables in a bundle is reduced to 0.6667 because 
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current flows in all four cables. Thus for the DC cases: the current rating = 367 x 0.6667 x 
0.7917 = 193.70 A’. The corresponding derating factor for six and seven cables in the duct 
is 0.5775. Considering supply frequencies greater than 800 Hz, the current ratings have to 
be derated further since skin and proximity effects become significant. It has to be noted 
that the standard does not provide information for frequencies exceeding 800 Hz.  
 
3.2.4 Maximum Power Transfer Calculation for a Fixed Duct 
Size 
Using the results for the SOV and safe operating current (SOI), the maximum 
power transfer is calculated for each cable system and for a range of AWG conductor sizes. 
Furthermore the weight of each system is computed as well as the power to weight ratio. 
This is done because in aircraft the cable system weight is of vital importance for fuel 
saving. These calculations form the basis for an overall cable system optimisation 
methodology. The optimisation methodology is shown on the next page in detail, in Figure 
3.10. 
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Figure 3.10: Flow chart: Detailed illustration of the cable system optimisation methodology  
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3.2.4.1 Maximum power transfer  
The methodology illustrated in figure 3.10 has been adopted to determine the maximum 
power transfer for each cable system. Results for all the cable systems including insulation 
thicknesses and current ratings are shown in Table 3.3, for a duct having a diameter of 30 
mm, and the cables consisting of PTFE insulation and copper conductors. 
TABLE 3.3 
CABLE GAUGE SIZES AND CORRESPONDING CURRENT RATING  
AND MAXIMUM INSULATION THICKNESS FOR ALL CABLE SYSTEMS 
 
Cable 
Gauge 
Conductor 
Diameter 
/ mm 
One Circuit 
AC  System 
with No 
Neutral : 
SOI 
Two 
Circuit 
DC  
Systems: 
SOI 
Two Circuit AC System 
with no neutral ,Three 
Circuit DC  Floating 
System and Two Circuit 
AC  System with neutral: 
SOI 
Max 
Insulation 
Thickness  
(3 cables) 
Max 
Insulation 
Thickness 
(4 cables) 
Max 
Insulation 
Thickness 
(6 cables) 
Max 
Insulation 
Thickness 
(7 cables) 
AWG (mm) (A) (A) (A) (mm) (mm) (mm) (mm) 
2/0 9.260 214.280 193.700 167.795 0.330 - - - 
1/0 8.250 182.170 164.670 142.649 0.840 0.090 - - 
1 7.350 160.570 145.150 125.732 1.290 0.540 - - 
2 6.540 137.210 124.030 107.444 1.690 0.940 - - 
4 5.190 99.260 89.730 77.725 2.370 1.620 0.405 0.405 
6 4.110 72.980 65.980 57.151 2.910 2.160 0.945 0.945 
8 3.260 53.720 48.560 42.063 3.330 2.580 1.370 1.37 
10 2.590 36.200 32.720 28.347 3.670 2.920 1.705 1.705 
12 2.050 27.440 24.810 21.489 3.940 3.190 1.975 1.975 
14 1.630 20.440 18.470 16.002 4.170 3.400 2.185 2.185 
16 1.290 15.180 13.720 11.887 4.320 3.570 2.355 2.355 
18 1.020 12.850 11.610 10.059 4.450 3.700 2.490 2.49 
20 0.810 9.810 8.870 7.681 4.560 3.810 2.594 2.594 
22 0.640 7.420 6.700 5.807 4.640 3.890 2.678 2.678 
 
For all insulation thicknesses, a safe operating voltage (single phase RMS for AC systems 
and Peak DC), was computed for the whole range of AWG sizes listed on Table 3.3 and 
for all cable systems. The maximum power transfer for each case was simply calculated: 
PMAX = 3 x SOVRMS x SOIRMS, for the three phase systems and PMAX = SOVDC x SOIDC for 
the DC systems. If the number of circuits in the duct were two or three, then these 
mathematical expressions were multiplied by two or three respectively. Figure 3.11 shows 
the total RMS/DC power rating as a function of the single phase RMS/peak DC voltage 
rating for cases A – G. 
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    Figure 3.11: Variation of power rating with increase in the single phase RMS /peak DC voltage rating 
(SOV), for a fixed duct diameter of 30mm 
 
Examining this in more detail, ‘Case A’ results show that the maximum power 
transfer occurs for the AWG 2 (3.27 mm) cable with a current rating of 137.2 A. The 
1.69mm of insulation is capable of withstanding a voltage of 1.1 kV. This gives the power 
transfer capability of approximately 453 kVA.  
Moving to the smallest conductor cable, AWG 22 gives a current carrying 
capability of 7.42 A. The insulation thickness in this case is 4.64 mm, a factor of 2.75 
greater than the AWG 2 cable. The voltage rating in this case is about 2.03 kV. This is 
greater by factor of only 1.85 compared to the AWG 2 case. These results show that the 
increase in voltage rating is not linear with the increase of the insulation thickness. I.e. 
doubling the insulation thickness will not cause doubling of the voltage capability of the 
system. The low current rating of this cable gives rise to the low power transfer capability.  
  
       113               
 
 
Another thing to observe is the lower power transfer capability of the systems 
having six and seven cables in the duct. If more cables are installed in the duct, the space 
available to be filled with insulation will be less. Furthermore the insulation thickness will 
be less and the voltage ratings will be smaller. Thus, the combination of smaller voltage 
ratings and a smaller cable bundle derating factor, results in smaller power transfers. In 
terms of maximum power transfer, the grounded DC system is the best having a maximum 
power rating of about 475 kVA. 
 
3.2.4.2 Power to weight ratio  
As weight is an important factor for aircraft, the power to weight ratio must also be 
considered. After the computation of maximum power transfer for each cable system with 
different AWG cable sizes and insulation thicknesses, the cable weight ‘W’ was evaluated 
in kilograms per metre, based on the density of copper and the insulation (PTFE for 
example) which is 8920 kg.m-3 and 1200 kg.m-3 respectively. Since the cross sectional area 
of the conductor and the insulation is known, the weight per unit length was evaluated. 
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Figure 3.12: Variation of total cable system weight excluding the duct weight with increase in conductor size 
for a fixed duct diameter of 30mm    
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For the cable duct systems consisting of six and seven cables, conductor sizes 
greater than 2.6 mm (i.e. below AWG 4), are not feasible since the size of the duct and the 
clearances taken into consideration do not allow it.  For all cable duct systems consisting of 
conductors having a radius bigger than 1 mm, the bigger the number of cables in the duct, 
the heavier the cable system will be. However for very small conductor radii, the six and 
the seven cable systems show similar weights with the Three and the Four cable systems, 
since the amount of copper and insulation in the systems is also similar. 
Following the computation of the cable systems’ weight, the power to weight ratio 
was calculated for each case. This was done in order to distinguish which system can 
provide an optimal solution, suggesting suitable voltage levels to be used for more electric 
aircrafts. As shown in Figure 3.13, the maximum power to weight ratio occurs in the 
region of 1.4 kV to 1.8 kV for cases A, B and C, i.e. at a voltage slightly higher than that of 
maximum power transfer. For case D it occurs approximately at a voltage of 2.3 kV. 
Although the shift from operating in the 0.8-1.0kV to the 1.4-1.8kV range for cases A, B 
and C and from 1.45kV to 2.3kV for case D decreases the maximum power throughout, 
this is more than compensated by the reduction in cable weight leading to an increase in 
power to weight ratio. Above this operating range the power to weight ratio drops steeply 
due to a lessened effect of weight saving associated with these higher voltages. 
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Figure 3.13: Variation of power to weight ratio per unit length, with increase in cable voltage rating (SOV) 
for a fixed duct diameter of 30mm    
 
Comparing the cases A-G in Figure 3.13, the system offering the highest power to 
weight ratio is the grounded DC system (Case C). The use of a DC system where the 
insulation is maximally utilized gives good power transfer efficiencies. In contrast, the AC 
system power transfer is determined by the RMS voltage rating, this being a factor of √2 
lower than the maximum operating voltage. The use of a DC system where the conductors 
are allowed to float, is not optimal as one conductor has to be rated for the entire system 
voltage even if it will not always operate at this value.  
For the AC systems, Case A is the most efficient. This is because the duct consists 
of only three cables and can therefore accommodate larger insulation thicknesses in 
comparison to Case B. It follows that higher voltages levels are possible by using the 
system in Case A. However, the analysis does not include the weight of any neutral 
conductor in the analysis, something that would definitely be required on the new 
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generation of composite aircraft. The results presented may therefore be slightly optimistic. 
The analysis has also not examined other aspects of the power system such as generators, 
power electronics and loads. It is likely that any such power to weight optimization would 
be best carried out at system level in the future, but this work is a first step in moving to 
that full analysis. 
  
3.2.5 Maximum Power Transfer Calculation for a Varying Duct 
Size 
The next step in this optimization procedure was to examine the possibility of using 
larger duct diameters. This would enable larger cable insulation thicknesses to be 
calculated based on the optimal cable size equations. Furthermore larger ducts imply 
higher voltage ratings. 
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Figure 3.14: Variation of the power to weight ratio per unit length with increase in the DC voltage rating 
(SOV), for the two-circuit DC grounded cable system, for different duct diameters  
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 One important observation from the figure above is the fact that for duct diameters 
larger than 20 mm the maximum power to weight ratio point is almost constant with the 
shift at higher operating voltage levels.  This is because even though the maximum power 
transfers due to thicker insulation and thus higher voltage ratings increase, the insulation 
weight also increases significantly. As a result the weight of the cable system increases in 
such a way, compensating for the increase in power transfer. 
 The 15 mm duct cable system has a much higher maximum power to weight ratio 
due to the very low weight of the system. Unfortunately the maximum power transfer as it 
is shown in Figure 3.15 would not be enough to satisfy the needs of the more electric 
aircraft.  
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Figure 3.15: Variation of DC power rating with increase in DC cable voltage rating (SOV), for the two-
circuit DC grounded cable system, for different duct diameters  
 
The DC cable system in a 30 mm duct would be satisfactory in the case of the more 
electric aircraft, if it was to carry for example a power of 250 kVA from the generator to 
the main distribution feeder/bus-bars (this is the approximate output power of one of the 
generators on the Boeing 787 aircraft [6]). By looking at the 30 mm duct curve, 250 kVA 
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can be supplied in two cases; if the operating supply voltage is approximately 400 V or 1.8 
kV. The former case involves a relatively large conductor size and small insulation 
thickness whereas the latter case involves a small conductor and a thick insulation. . 
According to Figure 3.14, 1.8 kV provides a higher power to weight ratio and thus it would 
be preferred.   
 
3.3 Using Multiple Smaller Cable Duct Systems  
As it was shown previously in Figure 3.14, the 15 mm duct cable system offers a much 
higher power to weight ratio but the amount of power that can be transferred cannot satisfy 
the high power demands of the more electric aircraft (look at Figure 3.15). However if 
multiple small cable duct systems are used instead of one big cable duct system, in some 
cases the same power could be delivered with less impact on the overall system weight. 
The only obvious disadvantage in this case will be the negative impact on system volume. 
For example if a power demand of approximately 250 kVA is required and a DC grounded 
system is considered, using seven 15 mm duct systems of AWG 18 size conductors, results 
in less system weight and thus in a higher power to weight ratio, compared to one 30 mm 
duct system consisting of AWG 10 size conductors. Figure 3.16 below illustrates this 
replacement; however note that the diagrams are not to scale. 
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Figure 3.16: Replacement of one 30 mm duct system having AWG 10 size conductors, with seven 15 mm 
duct systems having AWG 18 size conductors 
 
3.3.1 Maximum Power Transfer for Multiple Smaller Cable 
Systems  
The replacement of a 30 mm diameter duct with multiple 15 mm diameter ducts for 
the four cable DC grounded system was carried out. For example, a 30 mm duct system 
consisting of four AWG 22 size conductors was replaced by a certain number of 15 mm 
duct systems consisting of four AWG 22 sized conductors. The same replacement 
procedure was carried out with the 30 mm duct system still having the same four AWG 22 
conductors and the 15 mm duct systems having four AWG 20 conductors. The replacement 
was repeated with 15 mm duct systems with AWG 18, then AWG 16, AWG 14 and AWG 
12 conductors. These are the conductor sizes that can fit into the 15 mm diameter duct, 
considering the insulation thickness required for each voltage level. In addition the same 
procedure was carried out for the 30 mm duct system consisting of AWG 20 conductors, 
then AWG 18 and so on, up to AWG 1/0. The procedure is illustrated in Figure 3.17. 
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Figure 3.17: Illustration of the procedure carried out to replace the one 30 mm diameter duct system with 
multiple smaller systems having a 15 mm diameter duct 
 
DC power transfer results and corresponding system weights are shown in figure 3.18. The 
purple points on the graph which are connected with a line, represent the DC power 
transfer results for the 30 mm duct consisting of AWG 22 conductors, AWG 20 and so on 
up to AWG 1/0 (Look also at Figure 3.17). The six different coloured points, that are on 
the same y-axis line with the corresponding 30 mm duct points, are the DC power transfer 
results of the 15 mm ducts that have been used for replacement having conductors sizes 
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AWG 22, AWG 20, AWG 18, AWG 16, AWG 14 and AWG 12 (look also at figure 3.17). 
These points are circled on figure 3.18.  
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Figure 3.18: Variation of DC power rating with cable system weight, for 15 mm and 30 mm duct cable 
systems. Values of weight are for a cabling system having a length of 15 m  
 
 Looking at figure 3.18, if a power transfer of 244 kW (≈ 250 kW) is required, one 
cable system of 30 mm duct diameter with AWG 10 size conductors can be used or 
multiple cable systems having a duct diameter of 15 mm. All 15 mm duct systems offer a 
better weight solution with the exception of the 15 mm duct system consisting of AWG 12 
and AWG 14 size conductors. The savings in weight by using seven 15 mm duct systems 
consisting of AWG 18 sized conductors would be about 1.75 kg (6.46 kg – 4.71 kg). That 
is about a weight saving of 27% for a 15 m cable run. It has to be noted that the thermal 
effect if multiple systems are used was not taken into account. It is assumed that the 
multiple duct systems are kept apart with spacers so that each one does not obstruct heat 
dissipation. Another important observation that can be made using the above graph is that 
for higher powers of about 470 kW there is possible weight saving of 38%. This is the case 
if the 30 mm duct consisting of AWG 4 sized conductors is replaced by twenty 15 mm duct 
systems with AWG 22 conductors. Once again is worth mentioning the obvious 
244 kW 
Same y-axis line 
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disadvantage of using multiple smaller systems which is the fact that they occupy more 
space.  To obtain the data shown in figure 3.18 above, the following calculation procedure 
was implemented: 
• Obtain ‘P_factor (Pf)’, i.e. how many 15 mm duct systems of certain AWG 
conductor size are required to achieve the same power as one 30 mm duct 
system for conductor sizes of AWG 1/0 down to AWG 22 (P_factors are not 
whole numbers, thus it is necessary to round them up to the next whole 
number i.e. 3.21 → 4. This results in a decrease in current utilisation of 
conductors in the 15 mm duct system)  
• Multiply the weight of one 15 mm duct system by Pf to obtain the total 
weight of the 15 mm duct systems used to replace the one 30 mm duct 
system. 
 
In order to understand why there is a decrease in the total system weight by using smaller 
multiple duct sizes, it is necessary to observe the change in the total system cross sectional 
surface area of the different duct systems. The 30 mm duct system consisting of four AWG 
10 sized conductors is used in Figure 3.19 as an example.    
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Figure 3.19: Variation of insulation and conductor system weight and CSA of cable systems, having a duct 
diameter of 15 mm and 30 mm. Values of weight are for a 15 m long cable run  
 
By decreasing the conductor radius and thus the conductors’ cross sectional area (CSA) in 
the fixed size duct with constant clearance between cables and duct, there is more space 
available for adding more insulation based on Equations 3.1-3.4.The increase in the 
insulation surface area due to the increase in the insulation thickness is shown in figure 
3.19b, together with the decrease in the surface area of the conductor. The insulation and 
conductor cross sectional areas (CSA) for the 15 mm duct systems is the sum of all 15 mm 
duct systems used to achieve a power demand of 244 kW. To compare the 15 mm multiple 
systems and the one 30 mm duct system, the CSA of the insulation and the conductor in 
the 30 mm duct are shown as well. The graph on Figure 3.19a shows the weights of the 
insulation and the conductors separately. For each conductor radius adding the insulation 
and conductor weights results in the total cable system weight. The summation of some 
points having the same conductor radius give larger weight values than the 30 mm duct 
system’s total weight and some give less. 
Table 3.4 below, shows the number of 15 mm duct systems required to satisfy the 
power transfer ratings ‘P’ of the 30 mm duct system consisting of four cables (2 +ve DC 
and 2 –ve DC), together with the current utilisation ‘IU’ of each system. 
b).  
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 TABLE 3.4 
NUMBER OF 15 MM DUCT SYSTEMS REQUIRED TO REPLACE ONE 30 MM DUCT SYSTEM  
AND CURRENT UTILIZATION OF CABLES  
15 mm duct systems 
30 mm  duct system 
AWG 22 AWG 20 AWG 18 AWG 16 AWG 14 AWG 12 
AWG DC P (kVA) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) 
1/0 217 10 91.7 8 92.0 7 87.2 6 97.9 6 90.6 7 97.5 
1 421 18 99 15 95.3 12 98.9 12 95.2 11 96.0 14 94.7 
2 483 21 97.3 17 96.4 14 97.1 14 93.5 13 93.2 16 95.0 
4 472 20 99.9 17 94.3 14 95.0 13 98.5 12 98.7 15 99.1 
6 411 18 96.6 14 99.6 12 96.5 12 92.9 11 93.7 13 99.6 
8 337 15 95 12 95.3 10 94.9 10 91.3 9 93.8 11 96.4 
10 244 11 94 9 92.2 7 98.3 7 94.7 7 87.5 8 96.2 
12 195 9 91.9 7 94.8 6 91.8 6 88.4 5 98.1 7 88.0 
14 151 7 91.5 6 85.7 5 85.3 5 82.1 4 95.0 5 95.4 
16 116 5 98.1 4 98.4 4 81.6 4 78.6 3 96.9 4 91.3 
18 100 5 84.9 4 85.2 3 94.3 3 90.7 3 83.9 4 79.1 
20 78 4 82.5 3 88.2 3 73.2 3 70.5 2 97.8 3 81.9 
22 60 3 84.3 3 67.6 2 84.2 2 81.0 2 75.0 2 94.1 
 
For instance the first row on the above table shows that for one 30 mm duct system, 
consisting of four AWG 1/0 size conductors transmitting at DC can provide a power 
transfer of 217 kVA. This power can also be transferred by ten 15 mm duct systems 
consisting of AGW 22 size conductors with a current utilisation ‘IU’ of 91.7 %. 
Alternatively, this power demand could also be achieved by eight 15 mm duct systems 
consisting of AWG 20 size conductor with an IU of 92 % and so on. 
Another issue arises by replacing one 30 mm duct diameter system with multiple 
15 mm duct systems. The reason for achieving higher power transfers by using multiple 
systems is the fact that more conductors are used and thus more current can be supplied to 
the load point for the same voltage. However this gives rise to termination practicality 
issues. At load equipment points, the equipment current capability should be higher than in 
the case if one - 30 mm duct system was to be used. 
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Another possibility could be replacing a 30 mm duct system consisting of certain 
conductor size with other 30 mm duct systems of different conductor sizes and thus 
insulation thicknesses.  
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Figure 3.20: Variation of DC power rating with cable system weight for 30 mm cable systems: Replacing 
large AWG conductor sizes with smaller sizes: AWG 22 down to AWG 1. Cabling system is 15 m long 
 
 
 Figures 3.18 and 3.20 can be used to choose the best DC system in terms of higher 
power to weight ratios. The question to be answered here is: ‘Which system can achieve a 
specific power demand and at the same time provide the lightest system?’ Initially one 30 
mm duct system consisting of AWG 10 size conductors, is used to transfer a power of 244 
kW (≈ 250 kW). ‘Would it better to replace this system with multiple smaller duct size 
systems (i.e. multiple 15 mm duct systems), or with multiple systems of the same duct size 
(i.e. 30 mm duct systems with smaller size conductors)?’ According to Figure 3.20, one 30 
mm duct system with AWG 10 size conductors, is the best option since it offers the lightest 
244 kVA 
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system at 6.5kg/15m. According to figure 3.18, replacing the 30 mm duct system with 
AWG 10 size conductors, with seven 15 mm duct systems consisting of AWG 18 size 
conductors, or nine consisting of AWG 20, or eleven consisting of AWG 22, or seven 
consisting of AWG 16, also result in a decrease in system weight. The weights of these 15 
mm duct systems respectively are as follows: 4.59 kg/15m, 4.65 kg/15m, 4.71 kg/15m and 
6.17 kg/15m. It is obvious that using multiple 15 mm duct systems instead of one 30 mm 
duct system will offer a better weight solution with the exception of the 15 mm duct 
systems having conductor sizes of AWG 14 and AWG 12. For these cases the one 30 mm 
duct system with AWG 10 conductors would be preferred. Table 3.5A and 3.5B,  show the 
number Pf, of 30 mm duct systems required to achieve the same power as one 30 mm duct 
system, consisting of larger AWG conductor sizes and also the current utilisation ‘IU’ of 
cable systems.  
 
 
TABLE 3.5 A 
NUMBER OF 30 MM DUCT SYSTEMS REQUIRED TO REPLACE ONE 30 MM DUCT SYSTEM  
OF BIGGER AWG SIZED CONDUCTORS AND CURRENT UTILIZATION OF THE CABLES  
Multiple 30 mm duct systems 
30 mm duct system 
AWG 22 AWG 20 AWG 18 AWG 16 AWG 14 AWG 12 
AWG RMS P (kVA) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) 
1/0 217 4 90.7 3 92.6 3 72.0 2 93.5 2 71.6 2 55.4 
1 421 8 88.1 6 90.0 5 83.9 4 90.8 3 92.7 3 71.8 
2 483 9 89.8 7 88.4 5 96.2 5 83.3 4 79.7 3 82.3 
4 472 8 98.7 7 86.5 5 94.0 5 81.4 4 77.9 3 80.5 
6 411 7 98.2 6 87.8 5 81.9 4 88.6 3 90.5 3 70.1 
8 337 6 93.9 5 86.4 4 83.9 3 96.8 3 74.1 2 86.1 
10 244 5 81.8 4 78.3 3 81.1 3 70.2 2 80.7 2 62.5 
12 195 4 81.8 3 83.6 2 97.4 2 84.3 2 64.6 1 100 
14 151 3 84.5 2 97.1 2 75.4 2 65.3 1 100 1 77.4 
16 116 2 97.0 2 74.3 2 57.7 1 100 1 76.6 1 59.3 
18 100 2 84.0 2 64.4 1 100 1 86.6 1 66.3 1 51.3 
20 78 2 65.2 1 100 1 77.7 1 67.3 1 51.5 1 39.9 
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TABLE 3.5 B 
Multiple 30 mm duct systems 
30 mm duct system 
AWG 10 AWG 8 AWG 6 AWG 4 AWG 2 AWG 1 
AWG RMS P (kVA) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) Pf IU (%) 
1/0 217 1 88.7 1 64.4 1 52.7 1 45.9 1 44.9 1 51.5 
1 421 2 86.2 2 62.5 2 51.2 1 89.2 1 87.2 1 100 
2 483 2 98.8 2 71.7 2 58.7 2 51.1 1 100 2 57.3 
4 472 2 96.6 2 70.1 2 57.4 1 100 1 97.8 2 56.1 
6 411 2 84.1 2 61.0 1 100 1 87.1 1 85.1 1 97.6 
8 337 2 68.9 1 100 1 81.9 1 71.3 1 69.7 1 80.0 
10 244 1 100 1 72.6 1 59.5 1 51.8 1 50.6 1 58.0 
12 195 1 80.0 1 58.1 1 47.6 1 41.4 1 40.5 1 46.4 
14 151 1 62.0 1 45.0 1 36.8 1 32.1 1 31.4 1 36.0 
16 116 1 47.5 1 34.4 1 28.2 1 24.6 1 24.0 1 27.5 
18 100 1 41.1 1 29.8 1 24.4 1 21.3 1 20.8 1 23.8 
20 78 1 31.9 1 23.2 1 19.0 1 16.5 1 16.2 1 18.5 
 
 
3.3.2 Power System Impedance, Losses and Voltage Drop 
As mentioned in the introduction another way to decrease the weight of the aircraft could 
be increasing the frequency of the operating system. This is because for transformers an 
increase in frequency will result in less iron required to accommodate the needed magnetic 
flux. However increasing the currently used operating frequencies will have a negative 
impact on the weight of generators and motors and in addition it will cause an increase in 
the impedance of the system [7]. If the power factor is already low according to the 
electrical system design, an increase in frequency will result in reactive voltage drops 
becoming a limitation rather than resistive [7, 13].    
Further work is required for AC systems in order to obtain impedance values for the 
cable duct systems being examined, to evaluate the power losses of each system. At aircraft 
electrical frequencies capacitive losses might also affect the dielectric strength of cable 
insulation. 
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3.3.3 DC System Power Losses and Voltage Drop Evaluation 
For DC cable systems, the losses are due to the resistance of the cables which depends on 
the conductor material, its length and its cross sectional area. Assuming that the cables 
coming out of the generators producing 250 kVA from the aircraft wings are 15 metres 
long, voltage drops and power losses can be calculated. The figures below show the results 
for different combinations of 15 mm duct systems used to replace one 30 mm duct system, 
as described in the previous section, for a four cable grounded DC system installed in a 
duct.  
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Figure 3.21: DC power losses at different power demands: Comparison of 15 mm duct systems used to 
replace one 30 mm duct system. Cables are 15 m long  
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Figure 3.22: DC voltage drop at different power demands: Comparison of 30 mm duct systems consisting of 
small conductors, used to replace one 30 mm duct system having larger conductors. Cables are 15 m long  
 
Even though it has been shown previously that by using multiple 15 mm duct systems 
instead of one 30 mm duct system there is a reduction in cable system weight, the power 
losses as well as the voltage drop increase by using multiple systems for a power demand 
of 244 kVA.  
Concluding, in order to decide on whether multiple smaller cable duct systems can 
be used to replace one bigger cable system, all the above factors have to be further 
investigated (note: if the savings in aircraft fuel resulting from the relative decrease in 
system weight are greater than the extra power required due to the power losses, then it 
could be the case that multiple smaller cable systems replacing one bigger system would be 
advantageous. Of course there are other issues that arise as well with bigger voltage drops 
concerning power system stability and quality and the tolerances of aircraft power system 
equipment).   
 
244 kVA 
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3.4 Development of Calculation Techniques for a 
Fixed Power Demand  
 
3.4.1 Cable Duct Size Optimisation: Methodology 
In the previous section a methodology was described on how to calculate the safe operating 
voltages (SOV) if the duct diameter is fixed. Thus after calculating SOV and the current 
ratings for specific AWG sized conductors, maximum power transfer was calculated. This 
procedure can be carried out if the duct size is known and the electrical transmission or 
distribution system needs to be improved in terms of higher power transfer. This way the 
appropriate cables to be installed can be chosen to achieve a higher power transfer.  
In this section a reverse methodology is adopted. That is if the power demand is 
known, the voltages required to achieve that power transfer, can be computed for each 
conductor size carrying a certain amount of current. Furthermore the insulation thicknesses 
necessary to avoid PD can be calculated and by using Equations 3.1 to 3.4 for finding the 
maximum cable size, the maximum duct size can be determined. This method could be 
adopted when the aircraft electrical loads are well defined and an optimal distribution 
system is to be developed. Figure 3.23 shown on the next page, illustrates the reverse 
optimisation methodology. 
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Determine Power
(Example: for BOEING 787, power
from one generator is 250 kVA)
Determine No. of
Circuits in the Duct
(For example if the duct has a 2
circuit DC grounded system i.e. 2
cables +ve and 2 cables -ve etc.)
Calculate Insulation
Thickness
(For each Voltage Value, calculate 3
Insulation thicknesses based on the
equations for:
1. Void Discharge
  2. Cable to Ground
3. Cable to Cable
Derating Factors
(To account for cables installed in
bundles & at high altitude)
Determine Current
Rating
(for a list of AWG copper conductor
sizes from 4/0 down to 22 using
Aerospace standard AS50881).
Calculate Max Cable Size
(For each AWG conductor size
&Insulation thickness)
Total Cable Weight
(for each cable systems for each
Insulation & AWG conductors sizes)
`
Calculation of Power to
weight ratio curves Vs
Duct Size & Vs Voltage
(Determination of optimal cable &
duct size)
Calculate Required
Voltage (SOV)
(For AWG conductor sizes from 4/0
down to 22. Each conductor has a
different current rating).
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(Using the four maximum cable size
Equations for 3, 4, 6 and 7 cables in a
duct depending on the cable system
AC/DC & on the No. of Circuits )
 Pick Biggest Insulation
Thickness
(For each voltage & AWG conductor
size 3 insulation thicknesses are
calculated. Pick the biggest for each
voltage)
 
 
Figure 3.23: Flow chart: Detailed illustration of the cable duct size optimisation methodology  
 
3.4.2 Determining the Optimal Cable Duct Size  
The electrical system of the more electric aircraft (MEA), is more likely to consist of 2 
engines, each having 2 generators and each producing 250 kVA [6]. If a fixed power of 
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250 kVA is considered in the calculations, the resulting power to weight ratio curves for all 
the cable systems under examination are shown below in Figure 3.24. 
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   Figure 3.24: Power to weight ratio curves Vs voltage rating for all systems under examination, for a power 
demand of 250 kVA 
 
 
Looking at Figure 3.24, one cable duct system at a time, it can be observed that as 
the current rating decreases with decreasing conductor size, the higher the voltage required 
to achieve 250 kVA.  The higher the voltage, the thicker the insulation has to be to avoid 
PD. The decrease in conductor size and thus conductor weight, dominates the increase in 
insulation weight resulting in a decrease in the overall cable system weight and thus an 
increase in the power to weight ratio. Once a certain maximum point is reached, a further 
increase in the voltage level will result in an even thicker and heavier insulation, causing 
the power to weight ratio to drop. This is because after the maximum point, the increase in 
the insulation weight, dominates the conductor weight decrease. 
Cases B and G can be used to explain the difference in the power to weight ratio 
results, if the duct contains a larger number of cables. If the two systems consist of 
conductors of the same AWG size, the system with a smaller number of cables (Case B) 
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will have its conductors operating at a higher current rating. This is due to the larger 
derating factor for cables in a bundle (derating factor = 0.738, as determined using the 
method stated in AS50881 [11]). On the other hand in Case G, the bundle derating factor is 
0.578 and the current rating for each conductor is smaller by a factor of 1.277 
(=0.738/0.578), whilst the number of conductors carrying current is twice the number of 
conductors in Case B. Thus the total current that can be transferred in Case G, is actually 
larger by a factor of 1.566 (=2 x 1/1.277). The voltage required by each cable to achieve 
250 kVA will be: “(Vr x 1.566)/6”, whereas the voltage required in case B will be “Vr/3”. 
Thus the voltage required in Case G is less and the maximum power to weight ratio for 
Case G will occur at lower voltages than in Case B for the same conductor size. 
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Figure 3.25: Power to weight ratio Vs duct size for all systems under examination 
 
 In Figure 3.24 as well as in Figure 3.25, it is important to notice that maximum 
power to weight ratios occur at duct diameters within the range of about 25-32 mm. As a 
matter of fact the DC case, which was previously proven in Section 2.3.1 to be the best 
solution for a 250 kVA power demand, occurs when the duct has a diameter of about 30 
mm. This was the fixed duct value used in Section 3.2 to illustrate the calculation 
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procedure for achieving a maximum power transfer, with a minimum impact on system 
weight. 
 At the left of the dotted line shown in Figure 3.25, for the same duct diameter a low 
and high power to weight ratio point exists. The high point signifies a big insulation 
thickness and a small conductor radius whereas the low point stands for a small insulation 
thickness and a big conductor radius. On the right side of the dotted line, the increase in the 
insulation weight dominates and even though the conductor size decreases further, the ratio 
drops. 
 
3.5 Discussion of Accuracy of Calculation 
Techniques  
The subsections that follow give a discussion for the selection of the electric field 
models (uniform & non uniform) that have been used to evaluate SOV, based on cable to 
ground airgap discharges, cable to cable airgap discharges and insulation void discharges. 
For airgap discharges, a uniform field model was used whereas for insulation void 
discharges, a non uniform (coaxial) model was used. Furthermore the limitations of these 
models are stated. Finite element analysis (FEA) is also carried out to support the 
arguments that will follow. 
 
3.5.1 Cable to Ground and Cable to Cable Airgap Discharges 
In order to aid the understanding of the discussion that is carried out in this section, Figure 
3.3 from section 3.2.2 is shown again to illustrate the three types of discharges that were 
examined. 
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Figure 3.26: Locations of PD taken into consideration in the calculation of SOV 
 
For the wire/cable to ground discharges and cable to cable discharges shown in 
figure 3.26A, the radius of curvature of the conductor is equal to the radius of the 
conductor. Thus according to the information given by M.C Halleck [43], there will be an 
overestimation in the cable to ground PDIV when calculated using a uniform electric field 
model, for conductor sizes of AWG 16 up to AWG 22. The corresponding conductor sizes 
in mm are 0.65 mm and 0.32 mm respectively. For cable to ground discharges as in figure 
3.26B the radius of curvature is assumed to be greater than 0.79 mm and the PDIV 
calculated values are valid. This assumption can be made, since the cable installation 
engineer can decide the bending radius of the cable before connecting it to the main power 
distribution board. In addition it has to be noted that PDIV calculations for cable to ground 
discharges in Figure 3.26A, give exactly the same results as in the case of figure 3.26B, 
since the calculations are carried out for a range of airgap distances as it was described 
previously. 
Another important factor that can disturb the uniformity of the electric field is the 
ratio of the insulation thickness to the conductor radius or in other terms, the cable radius 
to the conductor radius. This factor is also discussed briefly by M.C Halleck [43]. 
However, even if the electric field becomes more and more non uniform by increasing the 
insulation thickness whilst keeping the conductor size fixed, SOV results become even 
       A) 
       B) 
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more conservative. Figure 3.27 shows the plot of the fractional voltages ‘fract(Vd)’ ,using 
uniform and non uniform (coaxial) Equations 3.12 and 3.13 respectively, against the ratio 
of cable radius to conductor radius ‘R/r’  having a constant airgap size ‘dWG’ of 2 mm. This 
value of dWG is the smallest airgap distance in the cable duct system being analysed and it 
is the region in the airgap where the electric field is the highest. 
 
• Uniform Field:  
                                                                                                                           (3.12) 
• Non Uniform Field: 
                                                                                                                                                     (3.13) 
 
 
 fract(Vd) = fraction of the voltage across the airgap 
T
 
= Duct radius (mm) 
R = Cable radius (mm) 
r = Conductor radius (mm) 
(R-r) = i =Insulation thickness (mm) 
(T-R) = dWG =shortest airgap distance between cable and duct (mm) 
εr = relative permittivity of insulation  
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Figure 3.27: Graph of fractional voltage across airgap against ratio of cable to conductor radius for the 
uniform and non uniform field cases  
 
For airgap distances larger than 2 mm the difference between the two curves 
increases. Even though as the airgap distance decreases and the uniform curve moves 
closer to the non uniform curve in the direction of the arrow shown in figure 3.27, the 
uniform case continues to provide more conservative results even up to an airgap of 0.1 
mm. Assuming that Paschen’s Law is valid for all airgap sizes being considered, the 
fractional voltage across the airgap ‘fract(Vd)’ is higher in the uniform than in the non 
uniform case scenario. Comparing the two cases, the electric field and thus the voltage 
across the airgap between the insulation and the ground that causes breakdown (VBrk), is 
identical in both situations. Thus, the uniform model which results in bigger fract(Vd) values 
for the range of d over which SOV is calculated, will always provide more conservative 
results according to the equation: 
 
 
                                                                                                                                        (3.14)       
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3.5.2 Void Discharges in the Insulation 
In the case where SOV was calculated considering a void discharge within the insulation, a 
non uniform (coaxial) electric field model was used. This is because the uniform electric 
field model (parallel plate capacitor) greatly underestimates the electric field within the 
insulation where voids are located and the resulting SOVV is greatly overestimated. In 
order to illustrate the above argument, Figure 3.28 is used to compare the electric field 
distribution results for the cable system in a duct, using a non uniform and a uniform 
electric field model. For both uniform and non uniform models two curves are plotted. One 
curve accounts for the case of having a small conductor and big insulation, whilst the other 
curve accounts for a big conductor and a small insulation. 
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Figure 3.28: Electric field plot from the conductor to the inner surface of the duct for a small conductor size 
and a large insulation thickness and vice versa 
 
In Figure 3.28 it is shown that in the uniform model case the electric field is constant 
throughout the insulation. The electric field is also constant across the airgap,  but the 
magnitude is greater due to the lower permittivity of the air compared to the insulation 
[44]. Observe the high electric field near the conductor surface in the non uniform case. 
The uniform model greatly underestimates the electric field and thus the non uniform 
Outer Cable Radius (conductor + insulation)                
when the conductor radius is 4.63mm  
Airgap 
Ground 
Duct 
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calculations as in equation 3.11, should be used to account for the worst case, in which the 
calculated safe operating voltage (SOVV) would be the smallest.  
Concluding from figure 3.28, the uniform equation underestimates the electric field 
in the insulation and near conductor but overestimates the field in the airgap especially 
when the conductor is very small and the insulation is big. When the conductor is big and 
insulation small, more or less the voltage (integration of the electric field across the air gap 
distance), is the same using the non uniform and the uniform models. It has to be noted that 
when using the uniform model for void discharge calculations, the position of the void is 
not important since the electric field is constant throughout the insulation. In addition, 
these equation models also assume that the cable is screened, which in fact lead to more 
conservative results than in the case of unscreened cables in a duct, having a certain airgap 
between the outer cable insulation and the grounded duct. 
 
3.5.3 FEA Electric Field Simulations and Analysis 
3.5.3.1 Electric field distribution in the airgap between cable and duct 
In order to evaluate the deviation of the results produced by the above equations and the 
real situation, a finite element analysis software tool (FEA) called ‘Opera: Vector Fields’ 
was used to model the 3 phase cable system in a duct. Thus a comparison has been carried 
out between the electric field distribution predicted by the uniform and the non uniform 
electric field models and FEA. 
Figures 3.29 and 3.30 show the results obtained in Opera for the voltage across the 
2 mm air gap for Case 1 ‘small insulation & big conductor’ and Case 2 ‘big insulation and 
small conductor’ respectively. A voltage of 800 volts was used as a boundary condition for 
phase conductor A, 290 Volts for phase conductor B and -1100 Volts for phase conductor 
C. These random voltage values, based on a three phase system model, were used to 
investigate if the electric field along the shortest airgap distance from any of the conductors 
to the ground is affected by the other phase conductors and consequently whether the 
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uniform and non uniform single cable models can be used to compute safe operating 
voltages. 
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Figure 3.29:  Three phase AC system: Cable to grounded duct: Voltage distribution along the 2mm 
airgap when the conductor radius is 4.63mm and the insulation thickness is 0.33mm 
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Figure 3.30:  Three phase AC system: Cable to grounded duct - Voltage distribution along the 2mm 
airgap when the conductor radius is 0.322mm and the insulation thickness is 4.64mm 
 
 
From figure 3.29, it can be deduced that the uniform field model agrees with FEA when 
the conductor is big and the insulation is small. On the contrary, when the insulation 
thickness is big and the conductor size is small (Figure 3.30), it greatly overestimates the 
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electric field in the airgap. Nevertheless the uniform model can be used for SOVCG 
calculations since it provides conservative results.  
 
3.5.3.2 Electric field distribution in the airgap between cables 
Looking at the cable to cable case, only the uniform model is used and compared with 
FEA. This is because the modelling of discharges between cables is rather a formidable 
task due to the geometric complexity. Figures 3.31 and 3.32 refer to Case 1 ‘small 
Insulation & big conductor’ and Case 2 ‘big insulation and small conductor’ respectively. 
 
                                                                        
 
            
Figure 3.31:  Three phase AC system: Cable to cable: Voltage distribution along the 4mm airgap when 
the conductor radius is 4.63mm and the insulation thickness is 0.33mm. 
 
 The voltage across the two cables is approximately the same when comparing the 
FEA and the uniform models. However the distribution of the voltage across the airgap 
differs because the electric field is slightly distorted by the other phase conductor and the 
grounded duct surrounding the cable system. In the situation where the thickness of the 
insulation is big and the conductor is small (look at Figures 3.32 and 3.33 shown below), 
the electric field distortion is not intensified but a higher electric field is concentrated 
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within the insulation especially near the conductor. It follows that the voltage drop across 
the insulation will be much bigger than across the airgap. This implies that the uniform 
model once again provides very conservative results.  
 
             
 
 
Figure 3.32:  Three phase AC system: Cable to cable: Voltage distribution along the 4mm airgap when 
the conductor radius is 0.32mm and the insulation thickness is 4.64mm  
 
 
         
 
 
Figure 3.33:  FEA models of a three phase system in duct: Electric field concentration across the 
insulation and the airgap between phases.  
 
a). Conductor radius is 0.33mm & 
insulation thickness  is 4.64mm.  
b). Conductor radius is 4.64mm & 
insulation thickness is 0.33mm.  
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Concluding from the FEA analysis and the comparison of the uniform and the non uniform 
electric field models, the equations used in the cable system optimisation in Section 
3.2.2.1-3.2.2.4 are satisfactory. For the cable to ground and the cable to cable SOV 
calculations, the uniform electric field model is used, since it predicts a high electric field 
in the airgap. Thus SOVCG and SOVCC results are conservative. In the case of a void 
discharge, the non uniform electric field model is used, since it predicts a high electric field 
near the conductor-insulation interface. This is the worst void location since the electric 
field is at its peak.  
 It has to be noted that FEA was not used to perform the cable system optimisation, 
because building FEA cable system models for every possible case that has been examined 
using simple equations, would be a rather formidable task.  
 
3.6 Calculations and AS50881 Results Comparison   
AS50881 [11] includes a figure providing the RMS “corona start voltage” for different 
insulation thicknesses and number of insulation layers. This RMS corona start voltage is 
taken to be the safe operating voltage. It is also stated as RMS partial discharge inception 
voltage or as RMS PDIV. However the RMS PDIV values in AS50881 are not used in the 
analysis that has been carried out, because there is no reference on the discharge types, 
(cable to ground airgap discharges, cable to cable airgap discharges and internal void 
discharges – look at Section 2.2.4, Figure 2.5), that have been taken into consideration for 
the determination of these values. In addition, the voltage Vs equivalent insulation 
thicknesses curves that are provided include only information for ambient temperatures of -
50oC and 200 oC. The ambient temperature chosen for this analysis was 70oC. This value is 
used in a calculation example given in AS50881, for computing the current rating of a 
certain cable in a bundle.  
Safe operating currents ratings (SOI) for specific AWG sizes are also provided in 
the AS50881 standard.  These current rating values were used, since all the factors that can 
affect the current rating are clearly stated. Current derating factors are included to account 
for the temperature difference between conductor operating temperature and ambient 
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temperature, the number of cables in bundles, the conductor percentage loading and the 
altitude at which the cables operate. One important factor that has not been accounted for 
in the standard is the effect of the insulation thickness on the current rating. This factor is 
dealt with in this section. Furthermore, from SOV and SOI, the maximum power transfer 
was determined.  
 
3.6.1 Insulation Thickness Effect on SOI: FEA Analysis 
The current ratings given by AS50881 are based on the temperature difference between a 
bare conductor and air and as described these values have to be derated considering the 
altitude, whether the cables are to be installed in bundles and the percentage loading of the 
cables. It is not mentioned in the standard whether these ratings include the effect of 
increasing insulation. In computing current ratings for power cables, the insulation 
thickness is a determining factor. A thicker insulation results in a bigger thermal resistance 
between the conductor and the air and therefore this would obstruct heat dissipation and 
would cause the temperature of the conductor to rise above its limits. Thus the maximum 
power transfer and thus the maximum steady state current flowing in the conductor, has to 
be reduced to avoid overheating the cable above specified limits.  
Finite element analysis (FEA) was used to model a three phase AC system installed 
in a duct of fixed diameter, to determine the effect of increasing cable insulation whilst 
decreasing the conductor radius on the current rating. The software used is called ‘Opera: 
Vector Fields’. It has to be noted that three duct sizes are examined having a diameter of 
30 mm, 45 mm and 60 mm. The cable radius is fixed at 4.96 mm according to the Equation 
3.1 used in Section 3.2.1, to calculate the maximum cable size for a 30 mm diameter duct. 
Thus, a duct with a diameter bigger than 30 mm implies a bigger airgap between the cables 
and the surrounding duct. Current rating results are shown below in Figure 3.34. 
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Figure 3.34: FEA simulation, effect of increasing insulation thickness (i.e. smaller conductor size), on the 
current rating of cables in duct 
 
According to the simulation results there is no significant difference in the current 
ratings for different duct diameters. This is due to the fact that the thermal resistance of the 
air in the gap surrounding the cables dominates the thermal resistance of the cable 
insulation. However as expected, by increasing the conductor size and thus decreasing the 
insulation thickness, the current ratings increase for all duct sizes. There is however a 
difference when compared with the AS50881 current rating values. The Standard 
underestimates the current rating when the conductor is very small up to a conductor radius 
of about 1.7 mm. The maximum percentage difference from a conductor size of 0.65 mm 
up to 1.7 mm is approximately 24%. At a radius of 2.7 mm up to 4.7mm, there is an 
overestimation of the rating with a maximum percentage difference of approximately 18%. 
This difference might be due to the fact that AS50881 takes into account convection heat 
transfer effects in determining the current ratings. On the other hand the FEA simulations 
that have been carried out do not take these effects into account. 
As it has been mentioned previously in Section 3.2.1, for cables installed in a duct, 
the cable bundle radius should be 25% less than the duct radius. For three cables installed 
in a duct and for the clearances taken into consideration, the cable bundle radius was 
approximately 22 mm and thus satisfying this requirement. For more cables installed in the 
duct the cable radius is even smaller and the cross sectional area of the air relatively to the 
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total cross sectional area occupied by the cables is even bigger. As a result the thermal 
resistance of the air will also dominate the thermal resistance of the insulation. Therefore 
any changes in the thickness of the cable insulation, for the range of AWG sizes that were 
used in the analysis, will have no effect on the current rating. It must also be emphasized 
that the more the number of cables in the duct, the less the space available to be filled with 
insulation. Compared to the effect on the current rating that the maximum insulation 
thickness has in the three cable case, the insulation effect will be less by having more 
cables in the duct.  
Although the insulation thickness effect has been examined for a fixed duct size of 
30 mm, further work has to be carried out when bigger ducts are considered, like in section 
3.2.5. For bigger ducts the maximum cable size is bigger for the same clearances and more 
space is available for insulation. Thus it might be the case that the thermal resistance of the 
insulation dominates the thermal resistance of the air. Therefore an increase in the 
insulation thickness might affect the current ratings significantly. 
 
3.6.2 Insulation Thickness Effect on SOV 
A key point in this analysis is the assumption that the electric field is uniform. This will 
only be the case if the ratio of the outer cable radius to the conductor radius is sufficient so 
that a uniform field occurs. Work by Halleck [43] concluded that for cables with a 
conductor radius of less than 0.79mm, electric fields could be non-uniform [43]. In most 
cases, both the radius of the conductor and the relative thickness of the insulation should be 
considered. To adjust the approach presented for non uniform electric fields, an alternative 
method must replace the equation used for the calculation of the percentage of system 
voltage across the air gap (fract(Vd)). One option is the use of a model describing the 
electric field based on a coaxial system, or finite element analysis. Both methods (uniform 
and non-uniform models describing the electric field), have been used to compare 
calculated safe voltage ratings against those found in AS50881 [11]. In this standard, the 
safe operating voltage is based on likelihood of partial discharge between the “outside of 
an unshielded cable covering and any grounded structural elements over which the cable 
  
       147               
 
 
passes, or between the insulation and a braided shield”. It includes a graph of partial 
discharge inception voltages (PDIVs) against equivalent cable insulation thicknesses for a 
range of altitudes. For each altitude it provides PDIVs for an ambient temperature of 200 
oC and -50 oC. 
In the graph shown below in Figure 3.35, which compares AS50881 PDIV results 
and the calculation results, the environmental conditions that were taken into consideration 
were an ambient temperature of 200oC and an atmospheric pressure of 18.75 kPa (i.e. at an 
altitude of 40,000 feet). The calculations carried out using the non-uniform approximation 
models, were performed using a large fixed sized conductor whilst increasing the 
insulation thickness and also for a small conductor.   
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Figure 3.35: Comparison of AS50881 PDIV results and calculated PDIV results: Graph of insulation 
thickness against the RMS PDIV  
 
It is obvious that the standard has considered the fact that the worst case discharge 
scenario is the cable to cable case as it was described earlier. However if the non uniform 
cable to ground discharge model is used, the results prove that the uniform field model and 
thus the AS50881 results are quite conservative. The only case that the non uniform field 
model might give similar results is when the conductor radius is bigger than 4.63 mm. As 
shown in figure 3.35, if the conductor size is small the amount of insulation required with 
the increase in voltage is very small compared with the other cases. 
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3.7 Summary 
For Chapter 3, two techniques (A and B) have been developed to optimise certain cable 
systems installed in a duct. Technique A, has considered a fixed duct size to model a 
situation in which the space available for a cable system is limited. Furthermore specific 
equations were derived to calculate the maximum cable size for a list of AWG conductor 
sizes, taking into account a clearance between cables and between cables and the duct. In 
addition, maximum power transfers and power to weight ratios were computed based on 
the partial discharge inception voltage of different types of PD. This was done by using 
theoretical equation model approximations found from literature. These equations made 
use of the famous Paschen’s Law, which relates the breakdown voltage of air and the 
pressure-distance product.   
From the results obtained by using technique A, it was observed that cable systems 
installed in smaller duct sizes had larger power to weight ratios, even though their 
maximum power transfer capability was much lower than cable systems installed in bigger 
ducts. Thus, the possibility of replacing one big duct system with multiple smaller ones 
was also examined. Results showed that even though weight savings could be achieved by 
making these replacements, the power losses and the voltage drops were significantly 
affected in the negative sense.  
In technique B, a reverse methodology has been adopted by considering a fixed 
power demand to determine the optimal cable duct size. Furthermore, a discussion was 
carried out, regarding the accuracy of the results obtained by using the uniform and the 
non-uniform electric field models, to calculate partial discharge inception voltages 
(PDIVs).  
Finally, two comparisons were carried out. The current ratings, calculated 
according to the Wiring Aerospace Vehicle Standard (AS50881), were compared with the 
current ratings obtained by performing finite element analysis (FEA) simulations. This was 
done to examine the impact of using thicker insulation, on the current ratings of different 
AWG conductor sizes. In addition, the calculated PDIV results were compared with the 
data provided by AS50881.  
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Chapter 3 is new work, as it proposes two methodologies for optimising high 
voltage cable systems to be used in the More Electric Aircraft (MEA). This expands on the 
work carried out by Nelms [12] and Halleck [43], in which calculation techniques had been 
developed for calculating the safe operating voltage of an aircraft cable system, taking into 
consideration environmental conditions at altitude. Chapter 3 extends the work carried out 
in [12], in which the author performs optimisation on a cable system installed in a fixed 
sized duct.  
In this thesis the possibility of bigger sized ducts has been examined and it has been 
found that maximum power to weight ratios of different cable systems do not increase if 
the diameter of the duct increases. Even though larger cables can be used in bigger ducts 
and thus more power can be transferred, the increase in weight counterbalances this 
increase and the power to weight ratio remains approximately the same.  
In addition, a ‘more practical methodology’ has been developed for optimising a 
certain cable system. This methodology starts from a fixed power (where the aircraft power 
loads are known), to determine the cable duct system (AC / DC and how many cables 
should be installed in the duct) and results in less system weight. The method engineers 
currently use for cable selection is based on choosing by experience, a cable with the 
capability to satisfy the current and voltage requirements of the aircraft electrical system. 
The new methods developed in Chapter 3 can be used by engineers to select exactly the 
cable they need, the cable system (AC/DC), the number of cables to use and in parallel 
figuring out how much space the cable system will occupy.  
The conclusion from the work done in Chapter 3 is that a DC cable system is the 
best choice for transferring power due to its higher power to weight ratio for a specific 
power demand. However, the calculations for DC systems use the same approach as an AC 
system, in which the safe operating voltage depends on cable insulation thickness, the 
insulation relative permittivity and the airgap size. The same approach has been carried out 
since there is no distinction between AC and DC cables in the ‘Wiring Aerospace Vehicle 
Standard’ (AS50881) [11]. However, this is certainly not applicable for DC since the safe 
operating voltage for this case depends on the insulation resistivity and not the relative 
permittivity. Further research has to look at this aspect.  
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After examining the possibility of using multiple smaller cable systems installed in 
a duct instead of one large system, it was also concluded that even though significant 
savings in weight can be achieved, losses and voltage drops increase. Design engineers can 
use these results to quantify the increase in losses and voltage drops, to help them select 
the appropriate methods to transfer power around the aircraft. 
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Chapter 4 
PCB Technology Vs Round Cables 
 
This chapter examines the possibility of replacing cabling harness with printed 
circuit board (PCB) technology. An initial assessment has been carried out to determine 
whether more power can be delivered via insulated flat solid conductors as in a PCB, 
instead of using round cables. The reason why there is a need to investigate this aspect, is 
because using new PCB technology can offer several advantages in contrast to a cabling 
harness. The advantages will be discussed in this chapter together with any drawbacks and 
limitations in maximum power transfer via PCBs.  
 
 
4.1 Introduction 
 
Flat conductor cabling technology (FCC) has been developed in the early 1970s by NASA 
for satellite and spacecraft applications [46]. FCCs have also been used in BOEING 747 
for a 90 kVA, 120 V and 250 A three phase system, operating at 400 Hz, transferring 
power from the Auxiliary Power Unit (APU) to the main distribution feeder [47]. Main 
drivers for the usage of FCCs were the reduction in system weight, the space saving 
achieved due to the flat geometry of the cables (more compact), the reduction in testing 
and installation times (cost saving) and the higher power transfer capability. These 
advantages will be discussed later on in more detail. Figure 4.1a and 4.1b show the FCCs 
used by NASA and the BOEING 747 respectively.  
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Figure 4.1: Flat conductor cabling technology (FCC) used by NASA for spacecraft applications [46] and by 
BOEING 747 for transferring power from the APU [47] 
 
 With the advancement of flexible PCB technology it is possible to use flat 
conductors as in flexible PCBs, to replace simple FCCs and round cable harnesses 
currently used in electrical systems for transportation as for example in aircraft. Examples 
of flexible PCB harnesses are shown in figure 4.2. 
 
 
Figure 4.2: Flexible PCB harnesses 
 
Flat conductor cables are referred to in literature as FCCs [47] or FFCs [48]. The 
geometry of FCCs/FFCs and flexible PCB systems is quite similar and one could argue on 
whether there is an actual difference between two systems. Even though for modelling and 
analysis (as it is carried out in this thesis) the two systems are considered to be identical, 
there is a difference in the manufacturing procedure. The early methods used for 
fabricating FCCs are listed in [47]. These methods are quite similar to the methods used for 
flexible PCB fabrication. Even though this is also confirmed in [48], an important 
difference is also stated. In flexible PCBs, the copper trace is chemically etched to produce 
a specific pattern and thus the copper trace can be designed to have many geometric shapes 
a). FCC used  by NASA  b). FCCs used in BOEING 747  
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and to follow different routes. As a result complex packaging issues can be dealt with very 
easily.   
Flexible PCBs are more compact and robust and are easier to handle than 
FFCs/FCCs during installation and maintenance. As a result, labour times can be reduced 
even further (saving cost). PCB technology can transform the conventional systems of 
transmitting power and electronic signals to a more computer like architecture, performing 
a variety of functions such as electronic sensing, condition monitoring and protection of 
the whole aircraft system.  
Even though it is more expensive to build a PCB harness than a cabling harness, the 
overall cost of using PCBs is less [49]. As mentioned before, this is due to the fact that it 
takes a much longer time to install a cable harness and the testing procedure is much more 
difficult, thus requiring more hours of labour. As a consequence of using a PCB rather than 
a cabling harness, maintenance and repair times can be reduced significantly since there 
will be a reduction in the number of parts making up the electrical harness. The next 
section discusses the issues associated with the design of PCBs. 
 
4.1.1 Issues Associated With the Design of  PCBs  
As discussed, PCB technology could replace a cabling harness since it can offer a 
reduction in maintenance and installation costs. Furthermore it would be even more 
beneficial if the PCB system could offer a bigger power to weight ratio than a round cable 
system. The aim of this chapter is to examine this possibility.  
Extensive research has already been carried out in literature for the current carrying 
capacities of the flat PCB conductors, as mentioned in [50, 51]. The standards IPC 2221A, 
2222A and 2223B [52-54], provide current rating data and design considerations for 
different trace geometries and insulation thicknesses.  However, there is little information 
in literature concerning partial discharges within PCBs and partial discharge inception 
voltages (PDIVs).  
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4.1.1.1 Partial discharges (PD) and surface flashover 
As explained in chapter 3, PDIVs can be used to determine the voltage rating of a cable 
system.  It has to be noted again in this section that the determination of the voltage rating 
of any cable system can be based on PDIV, only if no other failure mechanisms occur at 
lower voltages. An excellent discussion on the failure mechanisms concerning aircraft 
cables can be found in [4]. Based on [4], all forms of arcing are considered to be the main 
mechanisms of insulation degradation and cable system failure. Thus the investigation of 
PDIVs which are much lower than the voltages leading to arcs can provide a safe operating 
voltage (SOV). On the contrary, according to [55] one of the most critical failure 
mechanisms for PCBs is surface flashover.  
Dunbar [5], classifies the phenomenon of surface flashover within the range of 50-
250 V.  The voltages within this range are below the minimum breakdown voltage in air 
(Paschen’s minimum – 327 V). It is therefore implied that determining the voltage rating 
based on PDIVs is not a suitable method. However it is also stated that flashover can be 
avoided by taking certain precautions. These will be described later on.  In addition the 
conductor trace spacing  for a given voltage as determined in [52], is based on the work 
carried out by Dr. Charles Jennings of Sandia National Laboratories in 1976. This work 
was focused on “dielectric breakdown, current carrying capacity and insulation resistance” 
on a specific material called FR-5 [55]. It is therefore reasonable to question the data found 
in [52] and to seek for a suitable method to determine PCB voltage ratings and conductor 
spacing. 
Flashover is defined by Dunbar [5] as “a disruptive discharge around or over the 
surface of a solid or a liquid”. It follows that a surface flashover in PCBs occurs along the 
surface of solid insulation, between two trace conductors having a significant voltage 
across them. The shortest distance at which surface flashover can occur along the surface 
of the insulation, is called the creepage distance, whilst the shortest distance where 
flashover can occur in the airgap between the conductor traces is called the “clearance 
distance”. These distances are illustrated in Figures 4.3a and 4.3b. Surface flashover can be 
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dealt with, by completely covering the trace conductors with insulating coatings. Figure 
4.3c shows how flashover can be avoided by applying insulation all around the traces. 
 
 
 
 
 
Figure 4.3: Illustration of creepage and clearance and methods used to elongate these distances, to avoid 
different kinds of flashover [5]. 
 
In the case where the PCB copper traces are fully encapsulated by insulation as in Figure 
4.3c, surface flashover can still occur if there is a high electric field along the insulation 
surface between the traces. However in this case, the electric field along the creepage 
distance line can be significantly reduced depending on the insulation material and the 
level of contamination along the insulation surface. By placing the PCB system shown in 
Figure 4.3c in a grounded rectangular duct, the electric field along the surface can be 
reduced even further. Figures 4.4a and 4.4b show how the electric field distribution 
changes by adding the duct. More details on the factors affecting surface flashover can be 
found in [5].   
 
a). PCB Case A: creepage distance = clearance distance  b). PCB Case B: creepage distance ≠ clearance 
distance  
c). PCB copper traces fully covered in insulation to avoid surface flashover  
a). Electric field distribution in a two conductor trace PCB embedded in insulation 
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Figure 4.4: Illustration of the electric filed distribution for a). An insulated two-conductor trace PCB and b). 
An insulated two-conductor trace PCB, placed in a grounded rectangular duct [5]. 
 
It is obvious from Figures 4.4a and 4.4b that the electric field lines change direction 
eliminating the probability of surface flashover. It will be shown later on that the electric 
field distribution is also affected by the insulation thickness between the traces.  
From this point onwards, a similar PCB model is used for analysis as in Figure 4.4b 
and the report is focused on the different types of PD that can occur in voids in the 
insulation and in the airgaps between the outer surface of the insulation and the grounded 
duct.  
 
4.1.1.2 Discussion of PD occurring in a PCB 
The PCB model that has been investigated in this report was designed in the FEA software 
‘Opera: Vector Fields’. The PCB consists of three rectangular copper traces fully covered 
with a homogeneous PTFE insulation, uniformly distributed around the traces and placed 
in a grounded rectangular duct. It is assumed that the most critical mechanism for 
insulation deterioration is the breakdown of air in voids in the insulation, or the breakdown 
of air between the outer insulation surface and the grounded duct. The breakdown of air in 
voids in the insulation is referred to as void discharges and the breakdown of air in the 
airgap is referred to as PCB to ground discharges. The PCB model together with the partial 
discharges occurring at different locations is shown in Figure 4.5. 
b). Electric field distribution in a two-conductor trace PCB, embedded in insulation and placed in a grounded rectangular duct 
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Figure 4.5: PCB model used for analysis and different locations where PD can occur 
 
If the outside surface of PCB is plated with a grounded conductor, theoretically the only 
type of discharge that should be considered is the void discharge, since no airgap exists 
between the outer insulation surface and the surrounding ground. It was concluded in 
Chapter 3 that for a void size of 80 µm, discharges occur at higher voltages. This would 
also be an advantage for screened cables. What needs to be examined though is the electric 
field enhancement at the trace edges and the electric field non-uniformity caused by the 
PCB geometry. The different types of PD are explained in detail in the next section. 
In addition, the void discharge between conductor traces in the PCB has to be taken 
into consideration if the traces are at a different potential. Take for an example a three 
phase distribution system. At all times there will be a potential difference between the 
traces. On the contrary if a four cable grounded DC system was to be considered (as in 
Chapter 3), the PCB could be designed so that there is no potential difference between the 
traces along their route. However, this method would actually complicate the design of the 
connectors at generation and termination points. Figure 4.6 illustrates this possibility.  
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Figure 4.6: Possible PCB model consisting of a four cable grounded DC system  
 
In a three phase AC system, trace separation by introducing a ground around each 
trace individually is not possible, because the current induced on the ground/neutral 
conductors would cause them to heat up. This would cause severe damage to the insulation 
and the system will fail catastrophically. Another issue resulting from the PCB three phase 
AC model chosen for PD analysis is the geometric unbalance between phases, which in 
turn results in a significant current flowing through the neutral or grounding conductor. 
This would cause the neutral/ground conductors to heat up. Furthermore the insulation 
temperature would rise above limits, causing a reduction in the lifetime of the insulation or 
even cause premature breakdown. This issue could be solved by transposing the conductor 
traces along their route, as it is done in ground power systems [56]. 
 
 
4.1.1.3 Objective: Comparing a PCB and a round cable system 
The surface area perpendicular to the direction of heat transfer of a thin rectangular 
conductor would be bigger than a round one. This could imply higher current ratings for 
the same cross sectional area of copper conductors. Higher current ratings are a result of 
the increased surface area over which heat is dissipated. The question that this chapter will 
answer is whether this current rating increase is significant, taking into consideration the 
insulation thickness and the copper trace to trace proximity.  The idea is to compare three 
insulated round conductors installed in a duct, (as in the case of a three phase system which 
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was described in the optimisation calculations previously), with three flat conductors in a 
PCB having the same insulation and conductor cross sectional area and thus the same 
weight. If the voltage rating remains more or less the same as in the case of insulated round 
conductors and the current rating increases, it might be the case that higher power to 
weight ratios could be achieved.   
 
4.1.2 Round Cable to PCB System Transformation 
To compare a three phase system comprising of three insulated round conductors placed in 
a duct, with a three phase system of three flat conductors as in a PCB, the procedure which 
will be described in this chapter was carried out, making the following assumptions: 
 
• Same cross sectional area of metal conductor and insulation was used to transform 
the three phase duct system to a three phase PCB system. 
• Since the cables in the duct had a 2mm gap between the cables and the grounded 
duct, a maximum gap of 2mm was also included between the PCB’s outer 
insulation and a rectangular grounded duct. 
 
The transformation of the single circuit three phase duct system to the PCB system is 
clearly illustrated in figure 4.7. It has to be mentioned, that the assumption of an airgap 
existing between the outside insulation surface of the PCB and the rectangular duct, as 
shown in figure 4.7, is not realistic. No information has been found in literature about the 
encasing of PCBs in a grounded structure. However it is mentioned in [57] that internal 
laminations are used for grounding the PCB. Copper and carbon fibre are some of the most 
commonly used materials for PCB grounding purposes. Thus a more practical PCB model 
to be used for analysis would be to consider a PCB system encased in a grounded structure 
with no airgaps. Nevertheless, the duct has been introduced into the analysis with the 2 mm 
airgap, to explore the calculated partial discharge inception voltages (PDIVs) based on 
Paschen’s Law, at different locations in a PCB module. 
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 Figure 4.7: Three-phase insulated round conductor duct system to PCB system transformation 
 
Using the same cross sectional area of conductor and insulation, the rectangular 
dimensions Tw (trace width) and Tt (trace thickness), were varied in order to evaluate the 
effect of increasing the area perpendicular to the direction of heat flow, on the current 
rating. Note that by changing Tw or Tt for the same conductor size, the insulation thickness 
between trace and ground iTB and trace to trace iTT, change as well. The variation of the 
current and the voltage ratings with changes in Tw, Tt, iTB and iTT will be shown later on.  
 As it can be observed from figure 4.7, the analysis of the PCB system is more 
complex than the round cable duct system. This is due to the physical dimensions of the 
conductor traces and the insulation thicknesses that can be varied. The next section of this 
chapter describes the methodology and the calculation techniques that have been adopted, 
to analyse the more complex PCB system. 
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4.2 Development of Calculation Techniques for 
Different PCB Geometries  
To deal with the geometric complexity of the PCB model, Equation 4.1 has been 
developed as part of this work and it contains all the dimensional parameters shown above 
in Figure 4.7, in order to analyse the PCB system. The equation has been used for 
calculating the insulation thickness iTB. The assumptions that have been made to derive 
Equation 4.1 to be used in this thesis are that iTT is a function of iTB having the following 
relationship: iTT = λiTB and also that iTB = iTL = iTR. (Note: The derivation of equation 4.1 is 
shown in Appendix C-2). 
 
 
2 31 1 0
2 1 4 1
W A
tTB TB
iTi T iλ λ
  
  
   
+ + − =
+ +
            (4.1) 
 
iTB = Insulation thickness between trace and outer insulation – air gap boundary (mm) 
iA = Total cross sectional area of insulation as in the 3 phase round conductor duct system 
(mm2) 
λ = factor relating iTB and iTT 
TW = Trace width (mm) 
Tt =Trace thickness (mm) 
 
From the equation above it can be noticed that the geometry of the PCB can be altered by 
changing Tw, Tt and λ. Since the conductor size is fixed, only one of the parameters (Tw or 
Tt) is necessary to change. On the contrary different values of λ must be examined for each 
value of Tw or Tt. 
 
4.2.1 Parameters Affecting the PCB Geometry 
The value of λ was varied from 0.25 to 20 for a range of Tt. Since the area of the conductor 
was constant for each AWG size conductor, Tw was calculated for each value of Tt. 
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Equation 4.1 shown above was then used to compute iTB. Figure 4.8 illustrates the effect of 
changing the λ factor on the PCB geometry, when Tw = 3.53mm and when Tw = 13.07mm, 
for a conductor size of AWG 16. 
 
 
 
 
 Figure 4.8: Illustration of the Effect on increasing the λ factor on the PCB geometry  
 
 Looking at figure 4.8, it can be observed that for the same trace conductor size, an 
increase in the λ factor causes an increase in the thickness between the traces ‘iTT’, whilst 
causing a decrease in the insulation thickness at the top and on the sides of the trace ‘iTB’. 
As a result the total PCB thickness ‘PCBt’ decreases, whilst the total PCB width ‘PCBW’ 
increases.  
For a bigger conductor trace width ‘Tw’, an increase in the λ factor affects the PCB 
dimensions in the same way. However when comparing different conductor sizes for the 
same λ factor, the conductor having a bigger Tw results in an even wider and less thick PCB 
(compare PCB A and PCB B on figure 4.8).  
Table 6 shows the data obtained initially for a conductor size of AWG 16, for λ = 
0.25 and λ = 2 for different Tw. The calculations were repeated for different values of λ. 
λ factor 
increases 
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The effects of increasing the λ factor and using different conductor thickness can also be 
observed from table 6. By increasing the value of λ, for the same values of Tw and Tt, the 
conductor traces move further apart from each other (iTT increases) and since the insulation 
cross sectional area is fixed, iTB decreases. By increasing the trace thickness, for the same 
value of λ, the trace width ‘Tw’ decreases causing both iTB and iTT to increase. 
 
 
TABLE 4.1 
CALCULATED PCB DIMENSIONS USED TO MODEL THE PCB IN ‘OPERA: VECTOR FIELDS’  
FOR AWG 16  
AND λ =2 
FOR AWG 16  
AND λ =0.25 
INSULATION CROSS 
SECTIONAL AREA: 
IA = 76 MM2 
CONDUCTOR CROSS 
SECTIONAL AREA 
CA = 3.92 MM2 
itB (mm) iTT (mm) itB (mm) iTT (mm) TW(mm) Tt(mm) 
2.17 4.34 2.5 0.63 13.07 0.10 
2.50 5.01 3.01 0.75 10.05 0.13 
2.75 5.50 3.43 0.86 8.17 0.16 
2.94 5.87 3.77 0.94 6.88 0.19 
3.08 6.17 4.04 1.01 5.94 0.22 
3.20 6.40 4.27 1.07 5.23 0.25 
3.29 6.59 4.47 1.12 4.67 0.28 
3.37 6.75 4.63 1.16 4.22 0.31 
3.44 6.87 4.77 1.19 3.84 0.34 
3.49 6.98 4.90 1.22 3.53 0.37 
 
 
 
Furthermore all the data were used to construct models in a finite element analysis 
tool called ‘Opera: Vector Fields’, to determine the current ratings of the conductor traces. 
The same operating and ambient temperatures were used as in the cable duct models, (423 
K for the trace operating temperature and 343 K for ambient), which were examined in the 
previous chapters. The same insulation and conductor materials were taken into 
consideration (copper metal having an electrical resistivity of 1.72x10-8 Ωm and PTFE 
insulation having a relative permittivity of 2.1).  
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4.2.2 PCB Current Rating 
4.2.2.1 PCB and round cable comparison 
FEA simulations were carried out initially, using PCB models of different dimensions, 
Table 4.1, for conductors sizes AWG 22 down to AWG 10. This was done to observe how 
the current rating is affected with changes in Tw, Tt and the λ factor (relationship between 
iTB and iTT) and in addition to determine whether by using a PCB, higher current ratings can 
be achieved. It has to be noted that the current rating is affected positively by an increase in 
the area perpendicular to the direction of heat dissipation, whereas it is negatively affected 
by the amount of insulation which provides a certain thermal resistance. The current rating 
results for each case are shown below in figure 4.9 for the middle trace (trace B - as shown 
in figures 4.7 and 4.8). Results obtained for trace B were chosen for display, since this 
exhibited a slightly lower current rating for the values of λ taken into consideration, due to 
its position, where heat flow from left and right was obstructed.   
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For the smallest AWG sized conductor, the effect on the current rating of changing λ 
and the values of Tt that were chosen is very small. However it is shown that for larger 
conductor sizes, the bigger the distance between the traces and the bigger the trace width 
(i.e. higher λ factor and lower iTB thickness), an increase in the current rating can be 
achieved. For example according to the AWG 16 points on figure 4.9, the current rating 
can be doubled from 15 Amps up to approximately 32 Amps. It has to be noted that the 
factor that most influences the current rating, is the change in Tt. 
 
4.2.2.2 Current rating computation using FEA 
The corresponding single phase RMS current ratings for bigger λ factors and thus a bigger 
range of iTT, are shown in figure 4.10. The current ratings shown below have also been de-
rated by a factor of 0.713, to account for the high altitude, as it was taken into account for 
the round conductor system based on AS50881 [11]. A trace conductor operating 
temperature of 423 K has been applied and an ambient duct temperature of 343 K. These 
boundary conditions were also used in the round cable duct system calculations. It must be 
mentioned that these values are typical values used in [11]. 
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Figure 4.10: Plot of current ratings against PCB trace to trace insulation thickness for different λ factors i.e. 
different PCB dimensions and for Tt=0.1 mm and Tt=0.37mm. Altitude de-rating taken into account 
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While simulating a thermal analysis in FEA to determine the above results, it was 
observed that the middle trace (trace B) had a slightly lower current rating compared to the 
other two traces on either side (trace A and C), up to an iTT value of 11 mm when Tt = 0.1 
mm and up to a value of 14 mm when Tt = 0.37 mm. A further increase in iTT caused the 
ratings of trace A and C to become smaller than the current rating of trace B. These results 
are shown in figure 4.11.  
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Figure 4.11: Plot of current ratings against PCB trace to trace insulation thickness for different λ factors i.e. 
different PCB dimensions and for Tt=0.1 mm and Tt=0.37mm. Altitude de-rating taken into account 
 
In each case (Tt = 0.1 mm and Tt = 0.37 mm), for the specified range of iTT, the 
smallest current rating value was chosen to calculate the power rating as it will be shown 
later on. FEA simulations results are also shown below in figure 4.12 to illustrate how the 
heat flux (heat flow per unit area), changes with an increase in the λ factor and thus an 
increase in iTT. As the traces become further apart and iTB decreases, the effective heat 
dissipation area (perpendicular to the direction of heat flow), increases for the middle trace 
much faster than for the other two traces. Note that the PCB conductor traces in figure 4.12 
above, all have the same size. The diagrams are not in scale. 
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Figure 4.12: Illustration of how the heat flow changes as the λ factor and thus iTT increase, using “Opera 
Vector Fields” FEA models for Tt = 0.37 mm.  
 
The equation of heat conduction based on Fourier’s Law states that ∆θ = TTotal x W 
[58]. ‘∆θ’ is the temperature difference between the operating temperatures of the 
conductor to the ambient temperature on the duct. ‘TTotal’ is the total thermal resistance 
which consists of the thermal resistance of the insulation plus the thermal resistance of the 
air. ‘W’ is the power being dissipated from the conductor per unit length. If ∆θ is constant 
and the thermal resistance decreases due to the PCB dimensions changing (increase in the 
effective heat dissipation area), the power dissipation and thus the maximum allowable 
current through the conductor trace will increase.  
Looking at the case where Tt = 0.37 mm, when iTT increases from 1.22 mm to 14 
mm, a change in the insulation thermal resistance causes a significant change in the total 
thermal resistance (TR_Insulation + TR_Air). However for   14 mm < iTT < 29 mm, the total 
a). λ factor = 0.25 & Tt = 0.37  mm 
c). λ factor = 7.5 & Tt = 0.37 mm 
b). λ factor = 3 & Tt = 0.37 mm 
d). λ factor = 20 & Tt = 0.37 mm 
Heat flux vectors 
Heat flux vectors 
Heat flux vectors Heat flux vectors 
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thermal resistance is governed by the air thermal resistance and this remains fairly constant 
within this range of iTT. Thus a further increase in iTT will not result in an increase in the 
current rating. 
 
4.2.3 PCB Voltage Optimisation 
Based on Figure 4.9, taking the case of an AWG 16 sized conductor as an example, it 
would seem that by using a PCB with an λ factor = 2 and Tt = 0.10 mm, would result in 
maximum power transfer. However to determine whether this would be the case, the 
voltage ratings had to be computed. As it will be shown later on, an optimum insulation 
thickness between the PCB traces and between the traces and the surrounding duct exists, 
which results in a maximum voltage rating.  
 
4.2.3.1 Determination of the most critical PD locations in the PCB model 
As mentioned in Section 4.1.1.2, the voltage ratings are going to be computed taking into 
consideration the partial discharge inception voltages (PDIVs), for the different types of 
partial discharge (PD) that can occur in the PCB. These are shown below in Figure 4.13.  
 
Figure 4.13: Possible types and locations of partial discharges in the PCB model 
 
  
       169               
 
 
 After performing initial FEA electric field simulations, it was observed that at the 
location where ‘Trace to Ground Airgap Discharges (Top)’ could occur, a higher electric 
field was present than at the location where ’Trace to Ground Airgap Discharges (Left)’ 
could occur (look at Figure 4.13).  This can be explained by the fact that the electric field 
concentrates at sharp points or edges. Thus at the conductor trace edges the field is the 
highest, resulting in a higher voltage across the insulation than across the airgap. On the 
other hand, the electric field through the insulation and through the airgap at the top is 
nearly uniform and the electric field in the airgap at the top is higher than in the insulation. 
This is due to the lower relative permittivity of the air. In addition, the ‘Trace to Ground 
Void Discharge’ will always occur at higher operating voltages than the ‘Trace to Ground 
Edge Void Discharge’. 
Thus in determining the voltage rating for the PCB trace conductors, only PD 
occurring in the void between traces, in the void between trace-edge and ground and in the 
airgap at the top of the PCB were examined. These types of discharges are abbreviated as 
TTVoid, TGVoid and TGAirgap respectively and are marked with a red circle in Figure 
4.13 above. Figure 4.14 shows the electric field distribution of a PCB model to support the 
above statements that mention which partial discharge locations are the most critical and 
which are going to be examined in this chapter.  
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Figure 4.14: Electric field distribution in PCB model to show the most critical PD locations 
 
However, it is important to note that PD at different locations can only be used to 
determine the voltage rating of a system, if the breakdown voltage of the insulation is 
higher than the partial discharge inception voltage (PDIV). In this PCB power rating 
assessment, the breakdown voltage of the PCB insulation is assumed to be much higher. 
  
4.2.3.2 Geometric factors affecting the optimal voltage rating 
Theoretically the higher the value of λ, the greater would be the inception voltage when 
considering a void in the insulation between traces ‘TTVoid’, since iTT would also greater 
(look at Figure 4.15b). On the other hand iTB would be smaller resulting in lower inception 
voltages for the trace to ground airgap discharge ‘TGAirgap’ and for the trace to ground 
void discharge ‘TGVoid’. In any case the voltage rating would be limited by the lowest 
inception voltage and thus an optimum insulation thickness iTT must be established and 
thus an optimum iTB. Figure 4.15 is used to illustrate the optimisation procedure carried out 
in order to achieve a maximum voltage rating. If the operating system is a three phase 
system, then ideally the partial discharge inception voltage between traces divided by √3, 
‘ViTT/√3’, should be equal to inception voltage between traces and ground ‘ViTB’. If ViTT/√3 
Points of maximum electric field. 
TGAirgap, TGVoid & TTVoid PDs 
Points of 
smaller electric 
field.  
(V/m) 
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> ViTB then a smaller λ factor should be used so that iTT is decreased and iTB is increased. If 
ViTT/√3 < ViTB, then a bigger λ factor should be used to increase iTT and decrease iTB. 
 
                                                                      
 
Figure 4.15: Effect of the λ factor on the voltage rating of the PCB conductor traces 
 
It has to be mentioned here that the graph on figure 4.15a should include one more curve, 
representing the inception voltage based on an insulation void discharge between the trace 
and the ground. This is not shown here, since the aim of this section is to point out in 
simple terms the fact that by changing the PCB geometric parameters, the discharge type 
(TTVoid or TGAirgap or TGVoid) that results in a lower PDIV changes as well. Looking at 
figure 4.15a, going from left to right up to point X, the lowest inception voltage is the one 
determined by a TTVoid discharge and this is used as the PCB’s trace voltage rating. 
Beyond point X, the lowest inception voltage is determined by a TGAirgap discharge and 
this is the voltage that is used this time, as the trace voltage rating.  
 
4.2.3.3 Calculation of the voltage rating using uniform field models 
To begin with, uniform field approximations were used to calculate the voltage rating 
based on partial discharge inception voltages, by carrying out the same procedure as the 
cable duct system in chapter 3, based on [12]. However, to compute the void partial 
discharge inception voltage for each PCB model, uniform models were used instead of non 
Increasing λ factor 
3
a). b). 
Increasing λ factor 
  
       172               
 
 
uniform ones (like the coaxial cable electric field model that was used previously). This 
was due to the difference in the geometry of the system. These equations are shown in 
Figure 4.16 together with an illustration of the direction of the electric field lines in the 
PCB, as it is approximated by the uniform models. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16: Electric field equation models used for the PCB voltage rating calculation 
 
SOVVoid = Trace to trace or trace to ground void discharge inception voltage (kV) 
EV = Electric field causing breakdown as from Paschen’s Law data (kV/mm) 
S = Insulation thickness iTB or iTT (mm)  
K = electric field enhancement factor (in this case K = εr =2.1) 
L = Void size (mm) (It has to be noted that a fixed void size of 80 microns having a disc 
shape was used in this analysis) 
 
Model A, which is shown in Figure 4.16, is used for calculating the inception 
voltage based on airgap discharges. The fraction of the voltage across the airgap ‘fract(Vd)’, 
is obtained for every insulation thickness and for a range of airgap distances. Then, by 
( )
d r
Vd
d i
r
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d
ε
ε
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+ +
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using Paschen’s Law the discharge inception voltage is calculated by simply dividing 
‘fract(Vd)’ from the air breakdown voltage ‘Vbrk’ of the airgap between the  insulation and 
the duct. Models B and C are used for calculating the inception voltage based on void 
discharges occurring between traces and between the trace and the ground. The same 
equation is used for the two types of void discharges. However the insulation thickness 
used in each case, differs according to the PCB dimensions. The discharges at the three 
locations are abbreviated as ‘TGAirgap’, ‘TGVoid’ and ‘TTVoid’ as described in Section 
4.2.3.1. As it is shown in Figure 4.16, the electric field in the void and in the air gap is 
higher than in the insulation, due to the lower electrical permittivity of the air compared to 
the insulation. Voltage rating results for the three types of discharge are shown in Figure 
4.17, for Tt = 0.1 mm and Tt = 0.37 mm, for 0.25 ≤ λ ≤ 20. 
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Figure 4.17: Plot of the peak single phase voltage rating, for different ITT, using uniform field calculations 
for three types of partial discharges: TGAirgap, TGVoid and TTVoid 
 
Observe how the voltage ratings are higher when the trace conductor is thicker due to the 
thicker insulation between traces and due to the thicker insulation between the trace and 
the ground. It must be noted that the peak voltage rating increases for the TTVoid case 
since the insulation between the traces ‘iTT’ increases. However for a fixed cross sectional 
area the increase in iTT causes a decrease in the insulation thickness between the traces and 
the ground ‘iTB’. As a result the voltage ratings for TGVoid and TGAirgap decrease. 
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4.2.3.4 FEA analysis: Electric field enhancement due to flat conductor 
geometry  
After calculating the PDIV for the two types of void discharges (TTVoid and 
TGVoid) and for the airgap discharge (TGAirgap), for different λ factors and for Tt = 0.1 
mm and 0.37 mm, these voltages were used as a boundary condition, each in turn on the 
PCB models on the conductors traces, to evaluate the electric field at the most critical 
points. Since the analysis carried out was for a three phase system model, the voltage on 
each conductor trace included a certain phase shift. Thus, it has to be clarified at this point, 
how the boundary conditions for all three conductors were determined for each case.  
For example, once the inception voltage was calculated for a TGAirgap discharge, 
this voltage represented the peak single phase voltage (SOVpeak) and was set as a boundary 
condition for trace A on the PCB model (look at Figure 4.15). For trace B and trace C, the 
voltage boundary conditions were calculated based on a three phase system model. 
Therefore for trace B, the voltage boundary condition was calculated using ‘SOVpeak x sin 
(90+120)’ and for trace C, the voltage boundary condition was calculated using ‘SOVpeak x 
sin (90+240)’. The same calculations were carried out for a TGVoid discharge. 
 The inception voltage calculated for a TTVoid discharge, represented the phase to 
phase voltage. Therefore this voltage was divided by √3 (to obtain the single phase 
voltage) and then entered as a boundary condition on trace A. The boundary condition on 
trace B was set at a voltage, so that the difference between the two traces was equal to the 
calculated trace to trace voltage.  
FEA simulations were performed and the maximum electric field at the trace edges 
and in the air gap were compared with the calculated electric field giving the respective 
SOVTGAirgap, SOVTGVoid and SOVTTVoid (which were used as boundary conditions). These 
calculated voltages were then adjusted accordingly using a correction factor ‘CF’ (ratio of 
FEA simulated maximum electric field ‘SMEF’, to calculated electric field ‘CEF’). By 
using the uniform field equations and obtaining CF, it was possible to obtain an 
approximate trend of how CF varies with different PCB dimensions (different λ, Tw and Tt 
factors).  
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Figure 4.18 illustrates the points where the maximum electric field occurs in the 
PCB and that are used to compute CF for each case. The parameters for this simulation 
shown below are as follows: trace size AWG 16, Tt = 0.10 mm, TW = 13.07 mm, λ = 3, iTB 
= 2.04 mm and iTT = 6.12 mm. 
 
 
 
Figure 4.18: Electric field distribution with vectors in PCB to illustrate points of maximum electric stress  
 
Figures 4.19 and 4.20 display the CF curves which were obtained using FEA for Tt = 0.1 
mm and 0.37 mm for 0.25 ≤ λ ≤ 20. 
Points of maximum electric field. 
Most probable locations of voids 
are at the trace’s edges. 
Air gap 
Insulation 
Grounded Duct 
iTB 
iTT 
(V/m) 
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Figure 4.19: Plot of the voltage rating correction factors for more L (=λ) factors, for three types of partial 
discharges, for TGAirgap, TGVoid and TTVoid, when Tt = 0.1 mm. 
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Figure 4.20: Plot of the voltage rating correction factors for more L (=λ) factors, for three types of partial 
discharges, for TGAirgap, TGVoid and TTVoid, when Tt = 0.37 mm. 
 
It has to be noted that for each conductor trace and width, the edges were designed so that 
the edge surfaces were as smooth as possible, each having a blending radius equal to half 
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of the trace thickness. It is worth mentioning that up to λ = 0.6, CF is larger for the thicker 
trace for the TGVoid curve. 
 
4.2.3.5 Voltage derating due to electric field enhancement 
Voltage ratings are shown below in Figures 4.21 and 4.22. The correction factors ‘CF’ for 
TGVoid and TTVoid, were divided from the voltage ratings calculated from the uniform 
field equations, whereas CF for TGAirgap were multiplied. This is because the calculated 
airgap PDIVs were providing conservative results. The green TGAirgap curves shown on 
figures 4.19 and 4.20, are actually the ratio of calculated electric field ‘CEF’ to the 
simulated electric field ‘SMEF’, as opposed to the other curves where CF = SMEF/CEF. 
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Figure 4.21: Plot of the peak single phase voltage rating for different λ factors i.e. for TGAirgap, TGVoid and 
TTVoid when Tt = 0.1 mm. 
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Figure 4.22: Plot of the peak single phase voltage rating for different λ factors i.e. for TGAirgap, TGVoid and 
TTVoid when Tt = 0.37 mm. 
 
From the TTVoid and the TGVoid curves shown in Figures 4.21 and 4.22, it is 
obvious that the voltage ratings have a certain maximum point after which they remain 
fairly constant. The two curves merge when iTT = 13 mm for Tt = 0.1 mm (Figure 4.21) and 
when iTT = 9.2 mm for Tt = 0.37 mm (Figure 4.22). This can be explained by looking at the 
uniform field equations and the PCB geometry. The equations model the problem by 
looking at it in one dimension. The greater the insulation thickness, the bigger is the 
voltage rating based on void discharges for a fixed void size within the insulation, either at 
the edge or between the traces. This voltage rating is only dependent on insulation 
thickness, void size and shape.  However the CF for TTVoid, increases faster as λ 
increases, causing the voltage ratings to reach a maximum. As the λ factor increases and 
thus iTT increases, iTB decreases while Tt is constant. Thus, at a certain value of λ, the 
distance between trace A and the duct becomes smaller than the distance between the 
traces. As a result the trace to trace electric field lines change direction and head for the 
grounded duct instead of the middle trace B (look at Figure 4.23).  
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Figure 4.23: Illustration of how the electric field distribution changes as the λ factor and thus iTT increase, 
using “Opera Vector Fields” FEA models.  
 
It must also be mentioned that the rearrangement of the electric field lines does not only 
depend on the physical distances between traces and between trace and ground, but also 
depends on the potential difference (trace to trace and trace to the grounded duct). Looking 
at Figure 4.22 when Tt = 0.37 mm from a trace to trace thickness iTT of 1.2 mm up to 19.7 
mm, the voltage rating is limited by the trace to trace partial discharges whereas from 
thicknesses greater than 19.7 mm up to approximately 28.9 mm, the airgap discharges limit 
the voltage rating (SOV). The point where the two lines meet, TTVoid and TGVoid curves, 
is the optimal point as far as the voltage rating is concerned. As mentioned before, the 
curves meet since the electric field lines from trace to trace move towards the top and 
bottom of the PCB and the actual insulation thickness between the two edges and the 
ground is the same. The voltage across the two traces is no longer an issue, and the voltage 
across the two edges of trace A to the ground becomes the most critical as far as void 
discharges are concerned (look at Figure 4.23d above).  
a). λ factor = 0.25 & Tt = 0.1  mm b). λ factor = 0.6 & Tt = 0.1 mm 
c). λ factor = 3 & Tt = 0.1 mm d). λ factor = 10 & Tt = 0.1 mm 
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4.2.3.6 PCB and round cable system: Electric field comparison 
Compared to the three round cable system installed in a duct, the electric field vectors in 
the air gap at the top and bottom of the PCB insulation follow a uniform pattern (look at 
Figure 4.24). This is the reason why for the PCB case, the voltage rating calculation results 
are more in agreement with FEA simulation results than in the round cable case. In the 
round cable case, there is a high field concentration all around the cable conductor. Thus 
the uniform field calculation results overestimate the voltage across the gaps between 
cables and between cables and the surrounding duct, resulting in lower voltage ratings (i.e. 
more conservative results). Note that the magnitudes of the maximum electric field for the 
two cases shown in the figure below are not the same, because the voltage boundary 
conditions around the conductors are different. The aim here is to show the difference in 
the electric field concentration at different locations in the airgaps around the insulation. 
 
 
 
Figure 4.24: PCB and round cable duct systems: electric field comparison in the airgaps 
 
However, as the conductor trace becomes thicker and less wide (bigger Tt and 
smaller TW), the electric field becomes more and more non uniform and resembles that of a 
round cable (look at Figure 4.25). This phenomenon also explains why the CF for the 
TGAirgap case is equal to one, when the trace thickness ‘Tt’ is 13.07 mm and larger than 
one, when Tt = 0.37 mm (look at Figures 4.19 and 4.20).   
Electric field in the airgap.  
(V/m) 
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Figure 4.25: Illustration of the effect of increasing the conductor trace thickness for a fixed PCB & trace 
cross sectional area on the electric field distribution 
 
4.3 Calculation of PCB Power Rating 
As discussed in the previous section, finding the maximum voltage rating depends on 
evaluating the optimum insulation thickness between the traces and between traces and the 
ground. However it must be emphasized that this maximum voltage it is not necessarily the 
optimum voltage. The PCB optimum voltage will be the voltage that will result in 
a). λ factor = 5 & Tt = 0.1 mm 
b). λ factor = 5 & Tt = 0.37 mm 
d). λ factor = 5 & Tt = 1.0 mm 
c). λ factor = 5 & Tt = 0.6 mm 
Duct Trace B Airgap Insulation Trace A Trace C 
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maximum power transfer. This also depends on the current rating. It might be the case that 
voltages lower than the maximum shown in Figure 4.15a, will result in much higher 
current ratings due to the PCB geometry. Figure 4.26 illustrates the PCB system 
optimisation which summarizes the work that has been described so far. The optimisation 
is based on an examination of different PCB geometries for which the voltage and the 
current rating is determined. For a better understanding of the methodology shown below, 
refer to Figures 4.27a and 4.27b.  
 
4.3.1 Calculation Methodology 
 
 
Figure 4.26: PCB maximum power transfer calculation methodology  
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Figure 4.27: a) PCB model with dimensional parameters and b) PCB model showing the most critical PD 
locations  
 
4.3.2 Max Power Transfer and Power to Weight Ratio Results 
It has to be noted that in Figure 4.21, which is a plot of the voltage ratings against 
insulation thickness iTT, the airgap discharge voltage rating curve and the other two curves 
do not meet. Investigating higher values of λ was not required since at an iTT of 
approximately 12.6 mm, the voltage ratings and the current ratings reach their maximum 
value. Beyond this maximum point an increase in iTT would only lead to a decrease in 
maximum power transfer and thus in the power to weight ratio. 
By looking at Figures 4.28 and 4.29, a higher power rating would be achieved by 
not taking into account the maximum voltage rating (where curves meet, Figure 4.22), but 
by considering the relative current increase with respect to iTT. If an iTT of 15.96 mm (L = λ 
= 7 and iTB = 2.28 mm) is used, the maximum three phase RMS power that can transferred 
is approximately 177.13 kVA (3 x 59 kVA) when the trace thickness ‘Tt’ = 0.37 mm.  
 
a). b). 
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Figure 4.28: Plot of the single phase RMS power rating against PCB trace to trace insulation thickness, for 
0.25≤λ≤20  and for Tt=0.1 mm and Tt=0.37mm 
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Figure 4.29: Plot of the 3-phase RMS  power to weight ratio against PCB trace to trace insulation thickness 
for 0.25≤λ≤20  and for Tt=0.1 mm and Tt=0.37mm 
 
The maximum three phase RMS power to weight ratio that can be achieved based 
on the results above is 575 kVA/(kg/m). That is for a 15 m aircraft wing, the total 
power/weight ratio of the PCB system is 38.10 kVA/kg.  
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4.4 PCB and Cable Power Rating Comparison 
The aim of performing the calculations and the FEA simulations in the previous section 
was to establish whether a PCB can replace a round conductor cable system (installed in a 
duct and consisting of identical conductor sizes), having the same weight. Consequently if 
more power can be transferred by using PCBs, then higher power to weight ratios can be 
achieved and thus PCBs can provide a better solution as a means of distributing power 
around the aircraft. In addition it might be the case that larger round conductor cable 
systems can also be replaced by a PCB harness consisting of smaller conductors.  
 
4.4.1 FEA Analysis for the Round Cable System   
It has been mentioned previously that the voltage rating calculations using uniform models 
for the round cable systems in Chapter 3, provided quite conservative results. Furthermore 
it might be the case that the maximum power that can be transferred through the round 
cable systems was underestimated. Thus before comparing the round cable and PCB 
systems, FEA was used in the same way as for the PCB models, to correct the voltage 
ratings for the three phase round cable systems having different conductor sizes.  
 
4.4.1.1 Evaluation of most critical PD locations in the round cable model 
For correcting the voltage ratings, the electric field at the three most critical locations, (on 
the surface of the conductors for void discharges, in the airgap for discharges between 
cable and ground and between cable to cable), was obtained using FEA and then compared 
with the calculated one.  The three most critical locations where the electric field is the 
highest for the round cable system in the duct, are marked on Figure 4.30. In this case 
example, the voltage on the top conductor is 2.5 kV and the voltage on the two bottom 
ones is -1.25 kV based on a three phase system. 
 
  
  
       186               
 
 
 
Figure 4.30:  Three most critical locations of high electric field in the round cable system 
 
In a round cable system such as the one illustrated in figure 4.30, it would be very 
difficult to hold the cables apart along the length of the duct. Even if spacers are used or 
some kind of special holders, there will be a point where the outside insulation surface of 
the cables will be touching each other. The worst and most realistic case in practice as far 
as maximum current and voltage rating capabilities are concerned would be, if the cables 
were touching each other and resting at the bottom of the duct. An illustration of the 
electric field distribution for each round cable system, is shown below in Figure 4.31 when 
the top conductor B is at 2.5 kV and the two bottom ones (conductor A on the left and 
conductor C on the right), are at -1.25 kV. These values are chosen based on a three phase 
system at one specific point in time. The third case (Figure 4.31c), is when conductor A is 
at 2.5 kV and the other two at -1.25 kV. If the cables are held in the middle of the duct, it 
does not matter which conductor has the highest voltage because of the symmetrical 
geometry of the balanced three phase system. Thus it does not matter which conductor is 
chosen for analysis. However if the cables are resting at the bottom of the duct, the electric 
field distribution within the insulation and the airgap is different for the top cable standing 
in the middle and the two bottom ones. 
Three critical points at which the electric field was 
compared with the uniform field calculations 
Air 
Insulation      
(thickness =                
4.32 mm) 
Conductor 
(radius = 
0.645 mm) 
Duct (diameter =      
30 mm) 
(V/m) 
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Figure 4.31:  Three most critical locations of high electric field in the 3 phase round                                             
cable system installed in a duct 
 
 When the cables are resting at the bottom of the duct, by applying 2.5 kV on 
conductor B rather than on conductor A, a lower electric field is generated on the surface 
of the conductor and a higher electric field around the airgap where the cables are 
touching. On the contrary, if 2.5 kV is applied on conductor A, a higher electric field is 
generated on the conductor and a lower electric field where the cables are touching. As far 
as the electric field generated in the airgap between the cables and the duct, this is higher 
when 2.5 kV is applied on conductor A. Thus when considering void and cable to ground 
discharges, the voltage boundary conditions would be applied as in Figure 4.31c, by 
analysing the bottom left/right cable. For cable to cable discharges the voltage boundary 
conditions would be applied as in Figure 4.31b.   
 
4.4.1.2 Adjusting round cable calculated voltage ratings  
For the case in Figure 4.31a, it has been mentioned in Chapter 3 that the calculations were 
carried out for a range of airgap and void sizes and the safe operating voltages (SOV) were 
chosen to be the ones giving the smallest voltage (i.e. safest voltage). The air pressure was 
assumed to be 11.6 kPa (at 50,000 ft.) and the ambient temperature to be 343 K (70oC). 
This temperature was chosen based on [11], which is used for current rating calculations.  
a). Round cables held in the middle of 
the duct 
b). Round cables resting at the bottom 
of the duct. Top conductor is at 2.5kV 
c). Round cables resting at bottom of 
the duct. Bottom left conductor is at 
2.5kV 
Max electric field on 
conductor B is 1.26 kV/mm 
Max electric field on 
conductor B is 1.47 kV/mm 
Max electric field on 
conductor A is 1.69 kV/mm 
A 
B 
C 
A 
B 
C A 
B 
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Even though the minimum gap size from each cable was 2 mm and 4 mm between cables, 
the actual airgap and void size at which the SOV was computed for each type of discharge 
(phase to phase, phase to ground and void), are given in Table 4.2. 
 
TABLE 4.2 
CALCULATED SOV FOR THE THREE TYPES OF DISCHARGES AND THE AIR GAP AND VOID SIZES 
AT WHICH THESE SOV WERE COMPUTED  
AWG 
SOVCC  phase 
to phase (kV) 
Air-gap size 
(mm) 
SOV CG  phase 
to ground 
(kV) 
Air-gap size 
(mm) 
SOV V  void 
(kV) 
Void size 
(µm) 
6 3.29 1.89 2.20 1.18 4.11 80 
8 3.57 1.99 2.37 1.20 4.12 80 
10 3.79 2.2 2.51 1.20 3.95 80 
12 3.95 2.4 2.62 1.39 3.68 80 
14 4.08 2.5 2.70 1.39 3.37 80 
16 4.19 2.5 2.76 1.49 3.03 80 
 
 
Therefore the models were redesigned in FEA with the airgap distances as shown in Table 
4.2, in order make a direct comparison of the electric field generated in FEA at the three 
critical locations and the calculated results. Correction factors were computed once more to 
correct the above voltage ratings. According to the results, the minimum airgap distance 
between cables at which a partial discharge will occur, is about 1.89 mm. For this distance 
between cables, based on Figure 4.31b (cables resting at the bottom), the electric field is 
significantly lower and it is difficult to predict by how much the calculation underestimates 
the PDIV. The same argument can be used for the electric field between cables and the 
grounded duct. On the other hand, for void discharges the electric field around the 
conductor is intensified as shown in Figure 4.31c, by approximately 34% compared to the 
case in Figure 4.31a.  
Due to the complexity of the problem in determining whether the calculated voltage 
rating is underestimated or overestimated and due to time restrictions, it has been assumed 
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that the voltage ratings in cases shown in Figure 4.31b and 4.31c are the same as in Figure 
4.31a. Further work is required to evaluate how the electric field changes in a three phase 
system for cables installed in a duct. It would then be possible to state whether the 
calculations provide conservative results or not and by how much.  
 
4.4.2 FEA Analysis to Adjust Calculated Round Cable Current 
Ratings  
   Additionally FEA was used to determine current ratings for the conductor sizes 
shown in Table 4.2, when the cables are held in the middle of the duct (Case 1) and when 
they are resting at the bottom (Case 2). In Chapter 3, current ratings as given in AS50881 
[11] were used to compute maximum power transfer ratings and power to weight ratios. 
An example is shown below in Figure 4.32, of how the heat flux varies in Case 1 and Case 
2 at a conductor operating temperature of 423 K (150oC) and an ambient temperature of 
343 K (70oC). 
 
 
   
 
Figure 4.32: Comparison of the electric field distribution of a three phase AC system, when cables stand in 
the middle of the duct with a clearance and when cables are touching and sitting at the bottom of the duct. 
a) Case 1 b) Case 2 
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As it can be observed, the heat flux for cable B in Case 2 is greatly reduced, whereas for 
cables A and C the flux is enhanced. Since at all times the current rating capability of the 
system is determined by the capability of the hottest cable, the rating is significantly lower 
in Case 2.  
 
4.4.3 Initial Maximum Power Transfer Results 
In Figure 4.33 shown below, the power ratings of a three phase PCB system with no 
neutral and consisting of AWG 16 conductors, is compared with a three phase round cable 
system in a duct, again consisting of AWG 16 conductors. Furthermore it is compared with 
other round cable systems consisting of AWG 14, AWG 12, AWG 10, AWG 8 and AWG 
6 size conductors. On the graph in Figure 4.33, two curves were plotted for the round cable 
systems. The top blue curve is for Case 1 and the lower pink curve for Case 2. The cases, 
for which the two curves are plotted, are illustrated in Figure 4.31a and 4.31b respectively 
for different conductor sizes.    
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Figure 4.33: Plot of the three phase RMS power rating against AWG conductor size, for comparing PCB and 
round cable systems’ power ratings. Results for Tt = 0.37 mm & TW = 3.53 mm 
 
Optimum PCB model giving the maximum power rating & consisting of 
AWG 16 conductors traces, Tt = 0.37mm & TW = 3.53mm 
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The dotted red line in Figure 4.33 represents the PCB model having geometry as such, that 
results in a maximum power transfer (based on the analysis carried out in the previous 
section). It has to be noted that this line is just an indication to compare the round cable 
system power ratings for different conductor sizes. The PCB geometries that have been 
examined consist only of AWG 16 conductor traces. 
 Concluding for Figure 4.33, the PCB maximum power rating is lower than the all 
the round cable systems.  However, after carrying out this PCB analysis, it was observed 
that the range of trace conductor thicknesses and widths that have been considered did not 
actually cover the optimum point. The range of trace thicknesses that has been examined 
so far, is:   0.1 ≤ Tt ≤ 0.37 mm and thus the range of trace widths: 3.53 ≤ TW ≤ 13.07 mm.  
 
4.4.4 Power Transfer Results for Thicker Conductor Traces 
To check the possibility of obtaining a higher power rating by making the conductor trace 
thicker and thus less wide, the “λ” factor giving the optimum point within the range of data 
that has already been examined, was chosen to carry out further FEA simulations. Another 
PCB model was designed in FEA having a trace thickness of Tt = 1.0 mm and a trace width 
of TW = 1.31 mm. Figure 4.34 illustrates the difference in the electric field distribution and 
the heat flux when Tt = 0.37 mm and when Tt = 1.0 mm. As an example a voltage of 2.5 
kV was used as a boundary condition on trace conductor A and a voltage of -1.25 kV for 
conductors B and C. The conductors’ operating temperature was 423 K whilst the ambient 
temperature was 343 K. 
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Figure 4.34: FEA PCB models for λ = 5. Display of the electric field distribution and the heat flux when Tt = 
0.37 mm & when Tt = 1.0 mm 
 
The maximum heat flux is bigger when the trace is less thick (Tt=0.37 mm), 
indicating a more efficient heat transfer and thus better current ratings for each trace. 
However, the electric field is greatly enhanced due to sharper edges (smaller trace edge 
blending radius), resulting in a lower voltage rating than the case where Tt = 1.0 mm.     
After carrying out the same procedure for determining the voltage and the current rating, 
results have shown that it is possible for the PCB system to replace the round cable system, 
offering higher power to weight ratios. In addition, larger conductor round cable systems 
c). Electric Field for λ factor = 5 & Tt = 1.0 mm d). Heat Flux for λ factor = 5 & Tt = 1.0 mm 
a). Electric Field for λ factor = 5 & Tt = 0.37 mm b). Heat Flux for λ factor = 5 & Tt = 0.37 mm 
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can be replaced offering a reduction in system weight. Power rating and power to weight 
ratio results are shown below. 
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Figure 4.35: Plot of the three phase RMS power rating Vs AWG conductor size for comparing PCB and 
round cable systems: Results of using a thicker trace i.e. Tt = 1.0 mm & TW = 1.31 mm 
 
4.36: Plot of the power to weight ratio against AWG conductor size for comparing PCB and round cable 
systems. Results of using a thicker trace i.e. Tt = 1.0 mm & TW = 1.31 mm 
 
 Overall by using thicker traces as in the PCB models designed in this section, it was 
concluded that a higher power rating can be achieved. Of course there is a limit to how 
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thick the conductor trace can be made, since at some point it will start taking the shape of a 
round conductor (due to the edges having a blending radius of half the trace thickness). 
Considering the above statement, the trace conductors in the PCB were replaced by round 
conductors of the same cross sectional area of radius 0.645 mm - AWG 16. This was done 
to see whether an even higher power rating could be achieved. After evaluation, results 
showed that the power rating was slightly less than the one shown in figure 4.36. For Tt = 
1.0 mm, the 3 phase RMS power rating computed was about 177 kVA whereas for the 
round conductor having the same PCB geometry, the power rating was 167 kVA.  
Another point to emphasize is the fact that the thicker trace conductor case 
(Tt=1.0mm & TW=1.31mm), which was not initially considered in the range of trace 
thicknesses that had been examined, was investigated for λ = 5. More work is required to 
get results for 0.25 ≤ λ ≤ 20.  
 
4.5 Summary 
Concluding for Chapter 4, a PCB harness can offer several advantages in contrast to a 
round cable system. Thus, an assessment of the PCB power transfer capability has been 
carried out. The PCB model used for analysis, consisted of one layer of copper traces along 
the thickness and three layers along the width, insulated with Teflon (PTFE). This simple 
PCB model resembled a Flat Conductor Cable (FCC) and was used to provide an insight 
on the considerations when designing a PCB for transferring relatively high power, rather 
than being used to transfer low power signals used in communications and data processing 
(as in computers and electrical sensors etc).  
Different PCB failure mechanisms caused by the application of relatively high 
voltages have been discussed. Surface flashover is a failure mechanism which can occur at 
much lower voltages than the partial discharge inception voltage. However, if the PCB is 
designed in such a way as to eliminate the possibility of surface flashover, then 
investigation of PD at different locations in the PCB can be used to determine its voltage 
rating for each conductor trace.    
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The voltage rating determination based on PD was performed by applying the SOV 
calculation methodology as in Chapter 3, in combination with Finite Element Analysis 
(FEA). Furthermore the electric field predicted by the equation models used in Chapter 3, 
was compared with the FEA electric field simulation results. This was done to evaluate the 
electric field enhancement at the conductor trace edges within the PCB. FEA thermal 
modelling has also been used to determine the steady state current ratings for different 
PCB geometries.   
Following the calculation of the power rating for different PCB geometries, the 
PCB model resulting in a maximum power transfer and power to weight ratio, has been 
compared with a round cable duct system. The cable duct system consisted of three round 
cables having the same conductor and insulation cross sectional area as the PCB model. 
This way, it was possible to determine whether replacing a round cable system with a PCB 
system, could offer a bigger power transfer for the same weight. The power rating and 
power to weight ratio for the round cable duct system, were determined in Chapter 3 using 
uniform electric field approximations. These approximations had resulted in an 
underestimation of the voltage rating. Therefore FEA was used in the same way as for the 
PCB models, to investigate the electric field in the insulation and in the airgaps. Since FEA 
was used to determine the current ratings for the PCB model, FEA was also used to 
determine the current ratings for the round cable system.  
Finally, an assessment has been carried out regarding the effect that the 
configuration of the cables within the duct, has on the electric field distribution and on the 
current rating.   When the maximum power transfer for the PCB and the round cable 
systems were compared, these cable configuration effects were also considered.    
Overall, the work in Chapter 4 proposes a methodology for determining a safe 
operating voltage for an insulated flat conductor system in the form of a PCB. In addition, 
it shows that by using certain appropriate dimensions for the conductor traces within the 
PCB and a certain insulation thickness, round cable systems can be replaced by PCBs 
offering a bigger maximum power to weight ratio, as well as other several advantages 
which are described at the beginning of Chapter 4. This work illustrates the increased 
complexity in analysing a PCB system rather than a round cable system. The complexity 
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arises due to the fact that the width and the thickness of a flat conductor trace can be 
varied, whilst having the same cross sectional area as a round conductor. As the trace 
width / thickness changes, the insulation thickness between and around the traces changes, 
if the insulation and conductor cross sectional areas are fixed. As a result the current and 
the voltage capabilities of the PCB system change as well. The novelty of this piece of 
work is that no analysis as such has been made available in literature previously on this.  
The proposed methodology can be used by engineers to analyse a PCB system with 
the various possible geometries using the quadratic equation which was derived (see 
Appendix C-2) in combination with Finite Element Analysis (FEA). The quadratic 
equation developed consists of parameters describing the dimensions of the conductor 
trace and the insulation thickness around the PCB and it allows the user to construct 
models in FEA with the appropriate dimensions by changing only two of the parameters of 
the quadratic equation.  
Furthermore it must be mentioned that unlike any other work found in the 
literature, the PCB voltage ratings (or safe operating voltages) are based on the partial 
discharge inception voltage (PDIV) that can occur within a PCB or outside. For analysis it 
has been assumed that the breakdown voltage of the insulation is much bigger than the 
PDIV and also that a material such as PTFE can be used as PCB insulation. In practice, 
this might not be the case and further examination is required if different materials are to 
be incorporated into the analysis and also if the PCB consists of many layers of different 
insulation. 
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Chapter 5 
AC Partial Discharge Tests 
 
This chapter focuses on AC partial discharge tests that were performed on different 
unscreened aerospace cables laid in different configurations. The objectives are to 
determine the best method for testing an aerospace cable and to compare the partial 
discharge inception voltage (PDIV) for the different cable configurations. Furthermore the 
measured PDIV results are compared with the PDIV results obtained by using the SOV 
calculation methodology that was described in chapter 3. A detailed summary of the work 
that has been carried out can be found at the end of chapter 5. 
 
  
5.1 Introduction 
This section focuses on PD experimental testing. The straight PD detection circuit as well 
as the balanced PD detection circuit have been used as in BS EN 60270 [30], to investigate 
the suitability of a variety of methods for the PD testing of cables, operating under AC 
high voltage stresses in an aerospace environment. A number of cable samples of the same 
type have been tested in different configurations in an effort to replicate different aircraft 
cable harnesses. These configurations were compared with the currently used test 
configuration as found in BS EN 3475-307 [59], to check the consistency of PD results and 
if the discharge mechanisms involved in each configuration differ.  
 
5.1.1  Different Types of Partial Discharge (PD) 
The importance of PD in determining the safe operating voltage for aerospace cables has 
been discussed previously. Three types of PD commonly occur on cables and these can be 
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defined as cable to ground discharges, cable to cable discharges and void discharges within 
the cable insulation. These are illustrated again in the figure shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Illustration of PD locations at high and low pressures in a simple two cable system laid on a 
ground plane conductor 
 
According to Dunbar [5], at relatively high pressures cable to ground discharges as 
shown in Figure 5.1, are more likely to occur at smaller air gaps than at low pressures. This 
is indicated on the figure above with red dotted lines for gas discharges occurring at low 
pressure and black lines for gas discharges occurring at high pressure. 
Since PD must be avoided to ensure the safe operation and to prolong the life of 
cable insulation, appropriate tests are performed, to ensure that at relatively higher voltages 
which are used in the MEA, the insulation is capable of preventing PD in aircraft 
environments. Tests have to cover all three types of discharges as described in Figure 5.1, 
since the type of discharge which requires the lowest inception voltage should be the one 
considered in the rating of cable insulation. The partial discharge inception voltage (PDIV) 
for all three types of discharge varies as a function of airgap distance, insulation properties 
and thickness, as well as the surrounding environment (pressure and temperature) [9]. 
Insulation
Cable core
Ground Conductor Plane
Insulation
Cable core
Void 
Gas discharges at low pressure 
Gas discharges at high pressure 
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Thus, appropriate cable PD testing methods have to be devised to cover all types of 
discharges and to account for the worst case environment, irrespective of the cable 
installation configuration.  
 
5.1.2  Methods of Configuring Cables for PD Testing 
It is not certain that methods currently used for preparing cable testing samples are 
satisfactory in terms of simulating the actual aircraft environment and the cable harness. At 
the moment PD tests on aircraft cables, are being carried out in accordance with BS EN 
3475-307 [59] in conjunction with BS EN 60270 [30], which describes the PD detection 
methods including the specifications of calibration and measuring instruments that should 
be used. The former standard describes methods for preparing screened and unscreened 
cable samples and the latter describes relevant testing procedures.  
If the cable is screened, then a conductor of size AWG 20 is wrapped around the 
screen of one end of the cable and then earthed. High voltage is then applied on the cable 
conductor until the partial discharge inception voltage (PDIV) is reached. If the cable is 
unscreened then a braid is added tightly around the cable insulation and the same 
procedure is carried out as in [30] to test for PDIV. Figure 5.2 illustrates this cable testing 
arrangement as described in [59], including the stripping dimensions. 
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Figure 5.3: Cable testing arrangement according to BSEN 3475-307 [59] 
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However, if the braid used for screening is tightly wrapped around the insulation 
and no airgaps exist between the cable and the earthed braid, then theoretically the cable 
would be tested only for void discharges. In practice there will always be an airgap 
between the cable insulation and the screen, even though this airgap might be very small. 
In addition, unscreened cables will be at a certain airgap distance from an 
earthed/grounded surface (such as a duct, cable tray or the airframe), or from another 
cable. Therefore as mentioned previously the cables must be tested for all three types of 
discharges (cable to ground, cable to cable and void discharges).  
From the discussion above, the question arises whether testing for a single cable 
with the addition of braid as in [59], is adequate to provide reliable results even if the cable 
is to be used as a single unscreened cable or in a bundle and also if this situation tests for 
all three types of discharges within a reasonable airgap distance range, and at different 
operating conditions. To examine the method of cable sample preparation for PD testing 
described in [59], various methods of configuring a single unscreened cable to test for 
cable to ground and void discharges are examined. These methods replicate possible cable 
installation methods within the aircraft. The cables tested might be used afterwards in a 
single phase AC system installed in a duct or laid on a grounded surface like a cable tray 
etc. In case the cables are to be operated in a three phase AC system the testing procedure 
is more complex according to [60]. 
The single unscreened cables can be tested for PD by adding braid around the 
unscreened cable as in [59], or simply laying the cable on a ground plane. It could also be 
tested by having a certain AWG size conductor grounded and wrapped around the cable 
insulation, or by wrapping the cable around a grounded cylinder. The last two methods 
would only be reasonable if the aircraft cables are installed in a similar manner. However 
the aim here is to show that different configurations might result in different PDIV results. 
The four possible cable configurations described are shown in Figure 5.3. These 
configurations are used in this chapter to carry out PD tests. 
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Figure 5.3: Cable test samples laid out in different configurations for PD testing 
 
Every cable configuration shown in Figure 5.3 will have a different electric field 
distribution within the airgap due to the difference in geometry along the airgap between 
the insulation–ground interfaces. The different cable configuration methods tested for PD 
are later on compared relatively to the PDIV magnitude results, as well as for the 
repetitiveness of the results. This is done to determine which configuration is most suitable 
for testing single unscreened aerospace cables at different environmental conditions 
(different pressures).  
It must also be mentioned here that all AC PD tests have been carried out using two 
types of PD detectors, the ROBINSON and the LEMKE PD detectors. The former is an 
a). Unscreened cable laid on a 
grounded metal plane (GP) 
b). Unscreened cable wrapped around a 
grounded metal cylinder (CG) 
 
c). Bare cable wrapped around an unscreened 
cable. The cable conductor is connected to HV 
and the naked cable to ground (TW) 
d). Unscreened cable with braid added around the insulation. 
Heat shrink insulation is also added to hold the braid tightly. 
One end of braid is connected to ground (UB) 
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analogue instrument which can only be used to detect the partial discharge inception 
voltage with the use of a deflection needle which deflects when PD is generated from the 
cable sample. The latter is a digital instrument which can also manipulate PD signals and 
produce graphs of PD against phase angle of the supply voltage. In addition it can analyse 
PD data by calculating certain statistical operators that is explained later on. 
 
5.2 Straight PD Detection Circuit-ROBINSON 
The cable samples described in the previous section were tested using the straight PD 
detection method based on [30]. The straight detection circuit is shown in Figure 5.4.  
 
 
 
 
 
 
 
 
 
Figure 5.4: PD straight detection circuit based on [30] with the addition of a  
vacuum chamber and a vacuum pump controller 
 
 
Tests were carried out at atmospheric pressure (≈1000 mbar or 100 kPa) and at 116 
mbar or 11.6 kPa (corresponding to an aircraft altitude of 50,000 feet). According to [61], 
within this pressure range the change in width and in rise time of the PD output pulse, is 
not significant and thus requirements and specifications regarding the PD measuring 
instrument as in [30], are satisfactory. Thus the standard PD circuit did not require any 
modifications. The measuring instrument was calibrated at 50 pC. The noise levels were 
between 10-30 pC. The noise level was very high due to the working lab environment. 
According to [30], the PD measuring instrument should be able to detect a minimum of 5 
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pC of charge. This thesis focuses on the investigation of PDIV on different cable 
configurations, as far as the repetitiveness and consistency of the results is concerned and 
the relative magnitudes. The results were adequate to carry out an initial assessment in 
determining the best method of configuring unscreened cables for PD testing. Further work 
will make use of the balanced PD detection circuit to reduce the surrounding noise as well 
as testing of more cable samples of different insulation thickness and conductor size. 
 
5.2.1 Description of Testing Procedure  
The identification number of the aerospace cable that has been used for all PD tests is 
M22759/86-12.  The cable has two insulation wraps, one of which forms the inner layer 
and which is made from PTFE/Polyimide/PTFE tape and one which forms the outer layer 
which is made from PTFE insulation. Polyimide has a relative permittivity of 3.4 and 
PTFE has a relative permittivity of 2.1. The total insulation thickness is 0.29 mm and the 
conductor has a radius of 1.04 mm.  
Overall 12 samples of cable of the same type were tested (same production batch), 
having a length of about 500 mm. The cable samples were tested for PD in the 
configurations shown in figure 5.2 previously. The grounded cylinder case is abbreviated 
as CG, the grounded plane case as GP, the case where braid was used to screen the cable 
UB and finally the case where a grounded twisted bare wire was wrapped around the cable, 
as TW. For each cable configuration, three tests have been performed (Test A, Test B and 
Test C, (each test being carried out on a different cable sample). This was done to check 
how repetitive the PD results were for each configuration and from sample to sample. In 
addition, one of the cable samples was tested (Test X) in all four configurations to make 
sure that the difference in the results was not due to the different cables used for each test, 
but because of the different cable configurations.  
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5.2.2 Average RMS PDIV Results  
For each test (Test A- Test X), 5 to 10 measurements were made for each cable sample, 
based on the repetitiveness and the consistency of the PDIV results. The values read on the 
oscilloscope were the peak to peak values of the line source voltage of which the average 
was taken and furthermore the RMS inception voltage was calculated. These are shown in 
Figure 5.5 on the next page.  
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Figure 5.5: Average PDIV results for different cable configurations 
 
From Figure 5.5 it can be observed that the average PDIV results at a pressure of 
11.6 kPa (116 mbar), are more consistent than at 100 kPa (1000 mbar). For example at 100 
kPa, when comparing CG and UB configurations for Test X, the maximum percentage 
difference between and PDIV results is approximately 26%. On the contrary when 
comparing the same configurations at 11.6 kPa, the percentage difference is only 7%. It 
was also observed during the experiments that the onset to a stable PD pattern was more 
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rapid at low pressure. At 100 kPa, the cable wrapped around a grounded cylinder (CG 
case), showed more consistency from Test X to Test C.  
Each test (X and A-C), was carried out on different days and the measured 
atmospheric pressure (100 kPa) and temperature (20 oC) was found to vary from day to day 
by +/-2% and by +/-1% respectively. These slight variations cannot justify the different 
PDIV results obtained from Test X to Test C. Different PD initiation mechanisms might be 
occurring in the samples and this could be a possible explanation for the differences in the 
results. Another possible explanation could be that the aerospace cables tested, might have 
different manufacturing tolerances. However, it must be recorded that the cable samples 
used were of the same size, type and production batch. The difference of results from one 
configuration to the other is obvious at 100 kPa. In this case the atmospheric pressure and 
temperature was the same during the experiments, since each test was performed the same 
day. However more experiments are required to explain the variation in the relative PDIV 
magnitudes. Even though the average PDIV results show a relative pattern between the 
different configurations at high pressure and low pressure, a better way to compare the 
different methods, is to include the standard deviation of all the measurements based on the 
average PDIV values at 100 kPa and 11.6 kPa. These are shown below in Figures 5.6 and 
5.7 respectively. 
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Figure 5.7: Span of PDIV measurement results at 11.6 kPa at different cable configurations 
 
At 100 kPa the CG configuration results from the four tests (A-X), show more 
consistency (i.e. the average RMS PDIV measured for each test is more similar). However 
the relative PDIV magnitudes and their standard deviations (span of different 
measurements) are on average higher than the other measurement configurations. In 
relation to the UB case, which is based on [59], the CG configuration is more consistent. 
Compared to other cases the UB results have lower standard deviations for all four tests. At 
11.6 kPa, the GP results demonstrate higher consistency for all tests (A-X) and also exhibit 
lower standard deviations. On the contrary TW shows substantial variation in the results 
for both high pressure and low pressure. More tests with different types of cable are 
required to understand the reasons behind these phenomena and to decide whether these 
results can be used to determine the best cable configuration in terms of consistency and 
accuracy. 
Summarizing from the PD tests carried out, it has been shown that at both 11.6 kPa 
and 100 kPa the PDIV results differ for each configuration. For PD testing, the cable 
configuration resulting in the smallest PDIVs and having the lowest standard deviations 
should be used. In general, the GP cable configuration at 11.6 kPa exhibits higher 
consistency for all tests (A-X) and relatively lower standard deviations than all other 
configurations. It might be the case that using different types of cable, having different 
insulation materials and insulation thicknesses, will lead to a different conclusion. Thus, 
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further work is required to understand the PD mechanisms taking place in each 
configuration. If the PD mechanisms can be identified, then it will be possible to predict 
the behaviour of different types of cables when they are tested for PD. 
 
5.2.3 Phase Resolved PD Magnitude Analysis 
After examining the consistency of results of tests A-X and the standard deviations of each 
individual test, it is necessary to investigate the PD magnitude against phase angle for each 
configuration. These relationships can provide information on the discharge mechanisms 
occurring based on the insulation defects. The PD mechanisms would help in explaining 
the variation in the results and understanding how different sample geometries, airgap 
distances between cables and the ground and other electrical parameters affect the 
measurements. PD magnitudes against phase were plotted for Test B only, which 
represents the second series of tests at 100 kPa and 11.6 kPa circled on Figures 5.6 and 5.7 
respectively. The plots are shown in Figures 5.8 and 5.9 for high and low pressure 
respectively. The data obtained was for a voltage of 10% above inception to get a more 
sustained PD pattern on the oscilloscope.  
Results for Tests A-X are not all shown in figures 5.8 and 5.9 since they exhibited 
similar patterns as Test B. Test B results were chosen specifically because the number of 
measurements carried out was more in order to make sure that PDIV results were 
consistent. The fact that tests A, C and X resulted in similar PD magnitude Vs phase angle 
plots, shows that the same PD mechanisms are occurring for each test for the same 
configuration. However what needs to be further investigated, it is the difference in results 
between different cable configurations.   
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Figure 5.8: Phase resolved PD Plot for Test B results, for the four different cable configurations: CG, TW, 
UB and GP, at a pressure of 100 kPa 
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Figure 5.9: Phase resolved PD plot for Test B results, for the four different cable configurations: CG, TW, 
UB and GP, at a pressure of 11.6 kPa 
 
The data shown in Figures 5.8 and 5.9 were processed using MATLAB software 
which was developed as in [62]. For each testing configuration the same PD test was 
carried out 10 to 15 times, depending on the repetitiveness of the results. Data was 
captured using the oscilloscope for 6 cycles (120 ms), for each PD test. For some 
configurations the PD magnitude was very large and the Robinson PD detector was driven 
to saturation. In these cases the gain from the built in Robinson amplifier had to be reduced 
to acquire all PD data. The reduction in gain was compensated in the MATLAB software. 
By stepping down the Robinson gain once, the voltage observed on the oscilloscope screen 
was reduced by a factor of 10. However, the noise level was reduced by a factor less than 
10. In the MATLAB software the user has the option to provide some input parameters. 
Two of the input parameters included a gain factor and a noise threshold value. By setting 
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the gain factor at 10, all the data obtained from the oscilloscope including the noise, were 
multiplied by a factor of 10. Since the level of noise was reduced by factor of less than 10, 
this resulted in a higher level of noise as shown in Figures 5.8 and 5.9 (up to 500 pC). Thus 
the noise threshold input parameter in the MATLAB software, was set at a higher value 
than it actually is. As a result PD magnitudes of less than 500 pC could not be detected in 
some cases. The only solution, so that smaller PD magnitudes could be detected by using 
the analogue Robinson PD detector, would be to improve the MATLAB software by 
adding another function allowing the user to enter a separate threshold value for the noise. 
Alternatively, digital PD detectors could be used in combination with a balanced PD 
detection circuit. Furthermore the testing circuit could be placed in a grounded cage to 
eliminate the external noise entirely.  As it will be described in the next section, all the AC 
PD tests have been repeated with a digital PD detector called ‘Lemke’. In addition to this, a 
balanced as well as straight detection circuit have been used to compare the results 
obtained with the Robinson.  
From the phase resolved PD plots, there seems to be a significant difference in the 
PD magnitude when comparing results at 100 kPa and at 11.6 kPa. This could be 
connected to different PD mechanisms taking place and the different partial discharge 
inception voltages (PDIV) results. A slight variation in the supply voltage phase at which 
PD concentrates was also noticed, when comparing the graphs for the different 
configurations at 100 kPa and 11.6 kPa. For example regarding the phase range at which 
PD occurs, Cases CG, GP and TW show similar patterns at 11.6 kPa whilst the UB Case 
differs. This difference is illustrated on Figure 5.9 with the use of dotted lines.  
Overall results so far have shown a variation on the PD-phase plots but more data 
and analysis is required to verify these phenomena in a lower external noise environment. 
If the difference in these PD patterns is verified and is significant, this would imply that 
different airgap breakdown mechanisms are occurring in each case.   
An initial assessment has been carried out on testing PDIV magnitudes for four 
different methods used to configure aerospace cable samples. These configurations could 
replicate the way cables are installed in an aircraft. It has been observed that the CG case is 
more consistent at high pressures (100 kPa) in terms of measurements results, for tests X to 
  
       211               
 
 
test C than all the other methods. Nevertheless the UB case shows lower standard 
deviations. At low pressure (11.6 kPa) PD, the onset to a stable PD pattern was more rapid 
than at 100 kPa. In this situation the GP case results exhibited higher consistency as well as 
relatively lower standard deviations. PD magnitudes versus supply voltage phase plots, 
suggest that different PD mechanisms are taking place in each configuration (CG, TW, UB 
and GP). All results are summarised in Table 5.1. More test results are shown in the next 
section using the balanced circuit method to verify the above observations.  
TABLE 5.1 A 
SUMMARY OF OBSERVATIONS FROM AC PD TESTS AT 100 kPa 
Mean PDIV(kV) for 
tests A-X, at 100 kPa 
STDEV of PDIVs for 
tests A-X, at 100 kPa 
Maximum PD 
magnitudes at 100 kPa 
PD phase range and 
phase shift at 100 kPa 
TW results in the lowest 
average PDIV with a 
value of 1.34kV. This is 
≈1.5% smaller than the 
UB case. 
CG results in the lowest 
STDEV with a value of 
+/-4.4%. UB case has a 
STDEV of +/-18.9%; 
TW has a STDEV of +/-
11.1% and GP +/-
12.4%.  
CG, GP and UB cases 
exhibit PD magnitudes 
≥ 2000 pC.  Magnitudes 
for TW are significantly 
smaller by a factor of 
10.  
Considering the +ve half 
cycles of the PD phase 
plots, TW case exhibits 
a relative phase shift of 
approximately 10oC. For 
the –ve half cycles, TW 
again experiences a 
phase shift of 10oC 
whilst in the UB case 
the phase range seems to 
decrease by 10 oC. 
 
TABLE 5.1 B 
SUMMARY OF OBSERVATIONS FROM AC PD TESTS AT 11.6 kPa 
Mean PDIV(kV) for 
tests A-X, at 11.6 kPa 
STDEV of PDIVs for 
tests A-X, at 11.6 kPa 
Maximum PD 
magnitude at 11.6 kPa 
PD phase range and 
phase shift at 11.6 kPa 
GP results in the lowest 
average PDIV with a 
value of 0.59kV. This is 
≈6.3% smaller than the 
UB case. 
GP results in the lowest 
STDEV with a value of 
+/-0.5%. UB case has a 
STDEV of +/-3.6%; TW 
has a STDEV of +/-
4.1% and CG +/-4.4%. 
UB and GP have PD 
magnitudes ≥ 2000 pC, 
as in the case of 100 
kPa. Magnitudes for CG 
decrease approximately 
by a factor of 32 
whereas for TW they 
increase by a factor of 
10. 
For +ve half cycles of 
the PD phase plots, the 
phase range for CG and 
TW narrows down by 
5oC-10oC compared to 
the cases at 100 kPa. 
Likewise, GP and UB 
phase ranges decrease 
by 10 oC-20 oC. For the 
–ve half cycles, all 
configurations have a 
decrease in the phase 
range of about 15-30 oC, 
whilst in the UB case 
the phase range is the 
same but shifts by 10 oC. 
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5.3 Balanced PD Detection Circuit-Lemke 
Using the balanced circuit method, as in Figure 5.10, any noise coming either from the 
mains supply or from other external sources can be eliminated, since noise flows through 
both branches of the circuit. The RLC impedance is arranged in the detection equipment in 
such a way, so that the interference voltages induced on the secondary coil are of opposite 
sign and effectively cancelling each other out.   
 The use of LEMKE LDS-6 allowed more data to be captured faster and obtain a 
much more accurate representation of the phase resolved discharge magnitude plots. This 
was due to the built-in PD monitoring software which could also be used to adjust the PD 
detect level, based on the PD magnitude signals acquired by the device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: PD balanced detection circuit based on [30] with the addition of a  
vacuum chamber and a vacuum pump controller 
 
 
Using the balanced PD detection circuit, the partial discharge inception voltage can 
be measured accurately as in the straight detection method. The disadvantage of this 
configuration is the fact that it is complex to distinguish the cable from which PD is 
generated from. If only positive PD pulses or only negative PD pulses were occurring in 
the samples, then it would be possible to separate discharges coming from the two cable 
specimen, since in one case the output pulse on the secondary coil would be positive and in 
the other case it would be negative. Unfortunately both negative and positive PD pulses 
could occur in both branches.  
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5.3.1 Average RMS PDIV Results  
In Section 5.2.2, the PDIV results were plotted for each configuration for Tests A-X and 
the phase resolved plots for Test B in particular in Section 5.2.3 as described. This section 
is used to compare PDIV and PDEV results obtained using the ‘Straight’ and the 
‘Balanced’ PD detection methods for the cables used in Test B for the four different cable 
configurations. PDIV Results and PDEV are shown in Figures 5.11 and 5.12 respectively. 
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Figure 5.11: Comparison of PDIV results obtained using the “Straight” and the “Balanced” PD detection 
methods, at 100 kPa and at 11.6 kPa for the four different cable configurations.  
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 Figure 5.12: Comparison of PDEV results obtained using the “Straight” and the “Balanced” PD detection 
methods, at 100 kPa and at 11.6 kPa for the four different cable configurations.  
100 kPa 11.6 kPa 
100 kPa 11.6 kPa 
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From Figure 5.11, PDIV results obtained using the balanced circuit seem to be 
smaller in magnitude, with a maximum difference of 22% with respect to the straight PD 
detection method for the UB case at 100 kPa. The other cases show an average difference 
of approximately 9%. At 100 kPa, the difference in the results could be explained by the 
fact that using the LEMKE PD detection equipment provided a more accurate method of 
observing PD initiation. The special features of this equipment allow the user to distinguish 
between noise and PD, by setting a noise threshold value [63]. When using the Robinson 
PD detector, the needle indicator on the device used to fluctuate with external noise 
interference. In addition a slight increase in the voltage above inception did not result in a 
sustained PD. Thus, the voltage was raised even more to obtain a sustained PD pattern. 
This is when the needle started moving constantly at a certain rate, to make sure that the 
fluctuation was not due to noise but from the actual PD generated from the test samples. 
Using this methodology, the accuracy of the results was bound to be less and the 
possibility of obtaining larger inception voltages was greater. On the contrary, at 11.6 kPa 
a slight increase of the supply voltage above inception resulted in a more rapid PD 
initiation (i.e. the needle was fluctuating constantly). The PD was more sustained as it was 
also observed on the oscilloscope screen.  
 Even though the difference in PDEV results can be explained by using the same 
argument as the one for the PDIV results, this argument cannot be used to justify the 
differences between the four cable testing configurations. In both, the balanced and the 
straight PD detection methods, the four cable testing configurations exhibit slightly 
different PDIV and PDEV results. Specifically the UB configuration shows a PDIV 
magnitude difference of approximately 22% from all other configurations at 100 kPa. At 
11.6 kPa the difference varies from 5% when comparing UB and GP, 10% when 
comparing UB and TW and 20% when comparing UB and CG. This difference was 
verified by repeating experiments using the straight detection method but this time using 
the LEMKE device. 
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5.3.2 Phase Resolved PD Magnitude Analysis 
With the use of the LEMKE device more PD data was obtained and much faster. The LDS-
6 software can acquire and process data automatically and at the same time produce the PD 
magnitude-phase resolved plots (instead of having MATLAB to produce the plots as it was 
done using the ROBINSON). As it can be observed from the plots in Figures 5.13 and 5.14 
the PD data is much more than the data obtained by using the ROBINSON (look at Figures 
5.8 and 5.9 in the previous subsection to compare). These results represent more accurate 
PD patterns since data was acquired for a period of 120 seconds. 
 
 
Figure 5.13: PD magnitude-phase resolved plot for the four different cable configurations: CG, TW, UB and 
GP, at a pressure of 100 kPa. Data obtained using a balanced PD detection circuit and the LEMKE device. 
PDIV = 1.41 kV PDIV = 1.42 kV 
PDIV = 1.39 kV PDIV = 1.10 kV 
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Figure 5.14: PD magnitude-phase resolved plot for the four different cable configurations: CG, TW, UB and 
GP, at a pressure of 11.6 kPa. Data obtained using a balanced PD detection circuit and the LEMKE device. 
 
The PD magnitude-phase resolved plot of each cable testing configuration, displays 
several irregularities at 100 kPa and at 11.6 kPa. At 100 kPa the CG case exhibits a much 
larger PD magnitudes than the other cases. The phases at which PD occurs are very similar 
for the CG and the GP cases. For the TW and the UB cases there seems to be a small 
positive phase shift. At 11.6 kPa, PD magnitudes are much larger for all configurations. 
However, there is still a difference in the maximum PD magnitudes between the cable 
configurations. The UB case exhibits a negative phase shift as opposed to the rest of the 
cable configurations which exhibit a small positive phase shift. 
PDIV = 0.70 kV PDIV = 0.59 kV 
PDIV = 0.63 kV PDIV = 0.56 kV 
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In comparison to the graphs in Figures 5.8 and 5.9, which were plotted using 
MATLAB from data obtained from the ROBINSON, PD starts at a higher phase angle 
when the LEMKE device was used. This could be due to the fact that the PDIVs 
determined using the ROBINSON were 10-20% higher than the PDIV determined using 
the LEMKE device. Even though the actual PDIV was smaller, the voltage was raised to a 
value which was about 10-20% above inception. Consequently PD initiation occurred at a 
smaller dV/dt and thus at a smaller phase angle. Figure 5.15 illustrates this argument.  
 
 
 
Figure 5.15: Diagram used to explain the difference in PD magnitude-phase resolved plots 
 
A PD test on the UB cable configuration was carried out using the LEMKE PD detector to 
prove the above argument as shown above in Figure 5.15. In this test the voltage was 
raised 20% above the average PDIV, to observe how the PD magnitude-phase resolved 
plot would be affected. The plot is shown below in Figure 5.16. 
Overestimated PDIV (ROBINSON) 
Accurate PDIV (LEMKE) 
Phase range at which PD occurs based on LEMKE 
Phase range at which PD occurs based on ROBINSON 
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         a).                                                                                 b). 
Figure 5.16: Comparison of the PD magnitude-phase resolved plots for the UB cable configuration for: a). 
10-20% above PDIV and for b). PDIV, using the LEMKE device 
 
The first thing to notice is the difference in magnitude between the two figures. A voltage 
(20% above inception), causes a huge increase in the PD magnitude resembling the PD 
magnitudes obtained using the ROBINSON. The second thing to notice is the spreading of 
PD occurrence at lower and larger phase angles at both the positive and the negative half 
cycles. The shift of PD discharges at a lower phase is more obvious during the negative 
half cycle.  
 Another possible reason for the significant difference in phase angle, between the 
PD magnitude results obtained by using the straight and the balanced circuit detection 
methods, could be the fact that a coupling capacitor was not used in the balanced method. 
PD experiments were repeated using the balanced circuit detection method with the 
addition of a 1000 pF coupling capacitor, as the one used in the straight detection method. 
Results are shown in Appendix B for the balanced and the straight detection tests using the 
LEMKE detector. UB case results are shown below in Figure 5.17 to illustrate the phase 
shift effect with the addition of a PD free coupling capacitor connected in parallel with the 
testing cable samples. 
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a).                                                                                 b). 
Figure 5.17: Comparison of the PD magnitude-phase resolved plots for the UB cable configuration for: a). 
B/ced detection method without a coupling capacitor and for b). B/ced method with coupling capacitor  
 
From Figures 5.16a and 5.16b a difference can be noticed not only on the phase angle but 
also on the PD magnitude. The difference in PD magnitudes can be attributed to the 
difference in inception voltages in the two cases. In Figure 5.17a the PDIV was 
approximately 1.25kV and in Figure 5.17b, the PDIV was approximately 1.15kV. 
Arguably it could be said that the PDIV might be lower in the tests in which the coupling 
capacitor was added to the circuit, due to PD occurring in the capacitor itself, however the 
whole circuit was tested for PD prior to the tests being carried out. 
Concluding, results obtained in this section show that the slightest modification in 
the test circuit can cause a shift in the phase angle at which PD occurs and this can give 
misleading conclusions. Thus to compare results gathered by using the balanced and the 
straight detection methods, it has to be checked that the measured PDIV values are 
accurate in both cases and also that the testing conditions are identical. The only difference 
in the test circuit should be the addition of a second cable test sample in the balanced 
detection case.  
In addition it has been shown that the different cable configurations result in 
different PD magnitude phase-resolved plots. This might be due to different PD 
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mechanisms taking place. This will be further examined in the next section with the use of 
certain statistical operators. 
 
5.3.3 Analysis of AC PD Results Using Statistical Operators 
After plotting the PD magnitude as a function of phase angle for each cable configuration, 
the next step was to carry out a comparison of these plots using PD statistical operators. 
These statistical operators have been established as explained in literature [64], in order to 
produce unique fingerprints to classify different types of PD defects. The different types of 
PD, (such as void discharge, surface discharge, corona discharge etc.), have been described 
in Chapter 2, Section 2.3. The statistical operators are defined in [64, 65] as: 
 
• Skewness: A statistical operator used as symmetry or an asymmetry indicator 
around a mean value. For PD results, Skewness could show for example whether 
the PD data concentrate more to the left of the PD magnitude mean value, if the 
value of Skewness is negative, or more to the right of the PD magnitude mean 
value, if the value of Skewness is positive. If PD magnitude data was equally 
distributed around the mean, Skewness would be zero and the data could be 
represented perfectly by using a normal distribution.  Figure 5.18 shown below, is 
used to illustrate Skewness. The formula to calculate this operator is defined in [64]. 
 
 
                             
 
 
         Figure 5.18: Diagrams used to illustrate positive and negative Skewness 
 
 
a). Positive Skewness b). Negative Skewness
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• Kurtosis: A statistical operator used as a sharpness indicator for the distribution of 
data. For a normal distribution, Kurtosis has a default value of 3. This number is 
taken into account in the formula given in [64] which is used to calculate Kurtosis 
for PD magnitude-phase resolved data. Furthermore, for a Kurtosis value greater 
than 0, the distribution is sharper than the normal distribution and if it is less than 0, 
the distribution is flatter. Figure 5.19 shown below, is used to illustrate Kurtosis 
[64]. 
 
 
               
           Figure 5.19: Diagram used to illustrate positive and negative “Kurtosis” 
 
• Asymmetry: A statistical operator used as a differential indicator for the PD 
magnitudes, (either peak or mean pulse height), occurring in the positive and the 
negative half cycles of the supply voltage [66]. The formula for calculating the 
Asymmetry can also be found in [64]. 
• Cross Correlation: A statistical operator used as an asymmetry indicator for the PD 
discharge distribution pattern, during the positive voltage half cycle and the 
negative half cycle. If the two patterns are identical then the Cross Correlation is 1. 
If the two patterns are dissimilar, then the Cross Correlation approaches 0 [66]. 
 
Using the above statistical operators, the differences in the discharge mechanisms 
and the insulation defects in each cable configuration that was tested for AC PD, can be 
identified. Statistical operators can be calculated for the mean pulse height distribution 
Positive Kurtosis 
Negative Kurtosis 
Zero Kurtosis based on a 
Normal distribution 
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(mean PD magnitude in each phase window as a function of phase angle ‘Hqn(φ)’), for the 
maximum pulse height distribution (peak PD magnitude in each phase window as a 
function of phase angle ‘Hqmax(φ)’) and for the pulse count distribution (PD number in 
each phase window as a function of phase angle ‘Hn(φ)’). A better description of these 
distributions and information on how they are calculated, can be found in [65, 67]. In 
Figures 5.20-5.22 which are shown below, Skewness (Sk), Kurtosis (Ku) and Cross 
Correlation (CC), were plotted for the four different cable configurations (CG, GP, TW 
and UB) when tested at 100 kPa and at 11.6 kPa.  
It was not required to perform any calculations to produce the distributions since 
the data used to construct the graphs shown below in Figures 5.20-5.22, were taken from 
the LEMKE software. These figures can be used as a fingerprint to recognise different 
types of PD. Data was recorded using the LEMKE LDS-6 PD detector for positive and 
negative half cycles. Sk +ve is the Skewness for the positive half cycle and Sk -ve for the 
negative half cycle, (similarly for Kurtosis which is symbolised as Ku +ve and Ku -ve). 
 
-1 0 1 2 3 4 5
CG
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UB
Sk +ve Sk -ve Ku +ve Ku -ve CC
  
-1 0 1 2 3 4 5
CG
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TW
UB
Sk +ve Sk -ve Ku +ve Ku -ve CC
 
 
Figure 5.20: Statistical operators for mean PD magnitude against phase angle, Hqn(φ) 
 
a). Atmospheric pressure: 100 kPa b). Low pressure: 11.6 kPa 
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Figure 5.21: Statistical operators for peak PD magnitude against phase angle, Hqmax(φ) 
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Figure 5.22: Statistical operators for PD number against phase angle, Hn(φ) 
 
Based on [68] a PD fingerprint exhibiting positive values of Skewness (when 
analysing the discharge magnitude as in Figures 5.20 and 5.21), is an indication of 
discharges taking place in multiple cavities within the insulation. On the other hand if 
Skewness is very near zero or if it is negative, this is an indication of surface discharges, or 
narrow cavity, or treeing discharges. As far as Kurtosis is concerned, if this is negative 
(when analysing the PD number as in Figure 5.22), this is again an indication of treeing or 
multiple cavities. If Kurtosis is positive then discharges will occur in “single discharge 
sites” [68]. In addition if the Cross Correlation is near zero (when analysing the discharge 
a). Atmospheric pressure: 100 kPa b). Low pressure: 11.6 kPa 
a). Atmospheric pressure: 100 kPa b). Low pressure: 11.6 kPa 
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magnitude as in Figures 5.20 and 5.21), the cavity present is “electrode-bounded” [68]. If 
the Cross Correlation is large this is a sign of surface discharges taking place.  
 Using Figures 5.20-5.22, test results obtained for each configuration, can be 
compared at 100 kPa (atmospheric pressure at sea level) and at 11.6 kPa (at an altitude of 
50,000 feet). From Figures 5.20 and 5.21 it can be observed that Skewness results are 
positive for both pressure levels. Thus, both distributions Hqn(φ) and Hqmax(φ) have an 
asymmetry to the left when compared to a normal distribution. From Figure 5.22, all 
Kurtosis results are positive during the negative half cycle indicating that Hn(φ) 
distribution is relatively sharp. In general, at 11.6 kPa the distributions for all 
configurations are sharper than at 100 kPa. During the positive half cycle, CG and GP 
configurations have very small Kurtosis values and their distributions are very close to a 
normal distribution. UB has a sharper distribution at 100 kPa whereas TW has a sharper 
distribution at 11.6 kPa. Cross Correlation for all figures indicates that both positive and 
negative half cycles exhibit distinct patterns. 
On the basis of this information gathered from the literature [68], when looking at 
Figures 5.20 and 5.21 it is obvious that the Skewness results at both 100 kPa and 11.6 kPa, 
are showing that there is a high possibility of discharges occurring in multiple 
voids/cavities under all different testing configurations. Kurtosis results are showing that 
for TW and CG configurations at 100 kPa, discharges in multiple cavities might be 
occurring during the positive half cycle of the test voltage. On the contrary Kurtosis is 
positive for UB and GP increasing the probability of single discharge sites being present. It 
is also worth noticing that even though Kurtosis is positive for GP, its value is very near to 
zero compared with the UB case. During the negative half cycle discharges are limited to 
single discharge sites for all configurations. Cross Correlation results indicate that all the 
discharges occurring are most likely to be electrode-bound. When discharges are electrode-
bound, they occur between a conductor-insulation boundary between which an airgap 
exists, which could be from the outer surface of the conductor to the inner surface of the 
insulation, or from the outer surface of the insulation to the earthed/grounded conductor.  
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When carrying out tests to determine PDIV values for different configurations, it is 
not important to examine what PD mechanisms are taking place. The only thing that 
matters is to determine which configuration results in the lowest PDIV to be on the safe 
side. However, PD analysis using the statistical operators can provide information on the 
PD mechanisms taking place. Furthermore from this information, the effect that the 
geometry of the cable system has on the PDIV can help to understand the behaviour of the 
system. At the beginning of this chapter it has been mentioned that when testing for PDIV 
for unscreened cables, all three types of discharges (cable to cable, cable to ground and 
void discharges), must be examined. This is because each type of partial discharge has a 
different inception voltage (PDIV). From tests carried out so far, the cables have been 
tested for PD between the cable and the ground and for void discharges. The analysis leads 
to the conclusion that electrode-bound airgap discharges occur at lower inception voltages 
than dielectric bound (void) airgap discharges for the pressure levels taken into 
consideration (100 kPa and 11.6 kPa). This also supports the results obtained in Chapter 3, 
where it was concluded that external airgap discharges occur at lower voltages than 
internal void discharges. 
 
5.3.4 Average PD Repetition Rate 
A parameter that also needs to be investigated is the PD Repetition Rate (RR). This 
quantity together with the PD magnitude plays an important role in determining the ageing 
of cable insulation [69]. These quantities affect the energy released in the insulation when 
PD takes place. The aim of this section is to make a comparison of the average RR 
obtained for all cable testing configurations when the PD inception voltage is reached and 
also at 20% above the inception voltage. In addition the results shown on Table 5.2 are 
going to be used in Chapter 6 to compare the PD rates when an AC and a DC voltage are 
applied across the cable test samples. It has to be noted that in these tests, the coupling 
capacitor was also included in the test circuit as it was included when the ROBINSON 
detector was used.  
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TABLE 5.2 
AVERAGE PD REPETITION RATES FOR DIFFERENT CABLE TESTING CONFIGURATIONS: BY USING 
THE STRAIGHT DETECTION METHOD AND THE LEMKE PD DETECTOR AT 100 AND 11.6 kPa  
Pressure Cable Configuration 
Average PD Rate (PD/s) at Inception 
Voltage 
LEMKE – Straight PD Detection Method 
(including coupling capacitor) 
Average PD Rate (PD/s) at 20% above 
Inception Voltage 
LEMKE – Straight PD Detection Method 
(including coupling capacitor) 
CG 338 616 
TW 311 3783 
UB 203 476 
100 kPa 
GP 118 1712 
CG 146 168 
TW 244 812 
UB 189 406 
11.6 kPa 
GP 315 658 
 
The LEMKE straight detection method was used to gather PD rate results, because 
by using the balanced circuit detection method, the data obtained would include 
information from discharges coming from both cable samples which were connected in 
parallel. The PD magnitude phase-resolved plots from the straight detection using the 
LEMKE device are shown in the appendix B.  
Generally as it can be observed from the above table, the PD rate for each 
configuration at either the inception voltage or 20% above inception at 11.6 kPa, is lower 
with the exception of the GP case. In this case the PD rate is higher at 11.6 kPa. 
Furthermore, as expected the PD rates are larger at 20% above the PDIV. It is also worth 
mentioning that the GP configuration at the PDIV has a lower PD rate at 100 kPa than the 
UB configuration. However at 11.6 kPa, the GP configuration exhibits a higher PD rate 
than the UB configuration. The discussion is focused on the comparison between these two 
configurations because these configurations replicate in practice an actual aircraft electrical 
harness. 
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5.3.5 Summary of AC PD Results  
The four different configurations that have been tested for PD seem to be undergoing a 
similar type of discharge. This happens even though the relevant magnitudes of the 
statistical operators vary from one configuration to the other. This might be due to the fact 
that different cable specimens of the same type were used to test the different 
configurations. There is a high probability that different cavity sizes exist between the 
stranded conductor and the inner insulation surface of the aerospace cable, or between the 
external insulation surface and the ground.  Furthermore partial discharges of this type 
occur at lower voltages than dielectric bound discharges i.e. void discharges within the 
insulation. 
It is also known from [5] that at high pressures (100 kPa at sea level), discharges 
occur at smaller airgap distances ‘X’ mm. Thus if the system is operating at a lower 
pressure (at 11.6 kPa at 50,000 feet) and the cable configuration is as such that the 
maximum airgap distances are ‘X’ mm, then discharges will occur at higher supply 
voltages. Thus the unscreened cables have to be configured so as to provide the necessary 
(possible in practice), airgap distances to obtain the lowest PDIV. Results show that the 
screened cable case (UB), provides the necessary airgap distances to test for PDIV at 100 
kPa and at 11.6 kPa. This conclusion is drawn from the fact that at 100 kPa the inception 
voltages for the UB case, is the lowest. In addition, at 11.6 kPa PDIVs for UB and GP are 
approximately equal, with the GP case covering a larger range of airgap distances (0.05 
mm up to 40 mm), between the outer insulation surface and the ground plane. As the UB 
cable configuration was examined, the airgap distance range from the outer insulation to 
the grounded braid varied approximately from 0.10 mm up to 0.40 mm. This depended on 
how tightly the braid was held around the insulation. Further work is required because it 
might be the case that at pressures lower than 11.6 kPa the airgap distance is not large 
enough to give the lowest possible PDIV. 
At 11.6 kPa PDIV magnitudes for GP and TW have a difference of 4 % to 7% 
respectively, when compared with the UB case. The only exception is CG which is about 
25% larger with respect to UB. At 100 kPa the PDIVs for all configurations are about 28% 
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larger with respect to UB. The PDIV magnitudes for all cases at 100 and at 11.6 kPa are 
again shown below in Table 5.3. 
TABLE 5.3 
AVERAGE PDIV FOR DIFFERENT CABLE TESTING CONFIGURATIONS: BY USING THE STRAIGHT 
DETECTION METHOD AND THE LEMKE PD DETECTOR AT 100 AND 11.6 KPA  
Configuration PDIV at 100 kPa (kV) PDIV at 11.6 kPa (kV) 
CG 1.41 0.70 
TW 1.40 0.63 
GP 1.42 0.59 
UB 1.10 0.56 
 
As far as the PD magnitudes are concerned, there is a significant difference 
between the different cable configurations. This statement applies at 100 kPa as well as at 
11.6 kPa. With the exception of CG case, which shows a peak PD magnitude of  3000 pC, 
all the other cases have a peak magnitude less than 450 pC. At 11.6 kPa PD magnitudes are 
much bigger than at 100 kPa. For the CG case the peak magnitude doubles at 116 kPa 
whereas for all other cases the magnitudes increase tenfold. At both pressures there is a 
significant variation in the PD magnitudes when comparing the different configurations. 
PD rates differ especially for the GP case, where the rate is significantly larger at 11.6 kPa. 
This is an important result. For example for the GP case, this result shows that at 11.6 kPa, 
if the cable is operated at the inception voltage the cable insulation will age faster than at 
100 kPa because of the larger PD magnitudes and the larger average PD rates.   
Concluding from the results from this chapter, the different cable testing 
configurations undergo similar discharge processes when the voltage is raised up to the 
partial discharge inception voltage (PDIV). There is variation in the PD magnitudes but 
this might be due to the slight variation in PDIVs when comparing all four cable 
configurations. As far as the inception voltage is concerned, the configuration giving the 
lowest inception voltage at 100 as well as 11.6 kPa should be used to test the cable. At 100 
kPa the configuration resulting in the lowest inception voltage is the UB case (which is 
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currently the method used in the standard [30]). At 11.6 kPa both UB and GP cases should 
be used. One advantage of the UB case is the fact that the whole of the insulation across 
the length of the cable is being tested for defects, since the screen uniformly surrounds the 
insulation in a relatively symmetric manner. In all other configurations only part of the 
outer cable insulation surface touches the grounded conductor and thus some defects might 
not be spotted and identified.  
 
5.4 Calculated and Measured PDIV Comparison 
A comparison is made in this section on the calculated PDIV results of different cables 
obtained using the methods explained in Chapter 3 and the PDIV results obtained from PD 
experimental tests as shown previously in Section 5.2. It has to be noted that 20% of the 
insulation of the cable tested in the previous sections consists of  Polyimide according to 
[70]. For the calculations it has also been assumed that the cable has only one PTFE 
insulation layer uniformly distributed around a solid conductor, instead of a stranded 
conductor, to compare the effect of adding Polyimide.  
The comparison of measured and calculated results is shown in Figures 5.23 and 
5.24 for a pressure of 100 kPa and 11.6 kPa respectively. Colour codes are used to 
distinguish between the PDIV measured results of the different cable configurations. The 
black dashed line represents the calculated PDIV value based on a cable to plane discharge 
with a single PTFE insulation layer. The black dotted line represents the PDIV calculated 
value if 20% of the insulation thickness consists of Polyimide insulation and 80% consists 
of PTFE insulation (i.e. two different layers of insulation). It has to be noted that interfacial 
effects are not taken into consideration in the calculations. This is an area requiring further 
research. 
It must be mentioned here that the cables have been tested at 100 kPa and at 11.6 
kPa at an ambient temperature of 20 oC. These parameters have also been used to calculate 
the PDIV based on a void discharge within the cable insulation and an external airgap 
discharge, between the insulation and the ground. In order to calculate the inception 
voltage for a void discharge a coaxial field model was used (i.e. outer insulation fully 
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screened), and the void had to be determined. Since the void size is unknown, PDIV has 
been calculated for a range of void sizes to observe the effect of the void size.  
Void Discharge: Calculated PDIV for a range of void sizes
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Figure 5.23: Comparison of measured and calculated PDIV results for the four different cable configurations 
that have been tested at 100 kPa (Altitude: Sea level) 
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Figure 5.24: Comparison of measured and calculated PDIV results for the four different cable configurations 
that have been tested at 11.6 kPa (Altitude: 50,000 feet) 
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It is obvious from the results that at low pressure (11.6 kPa), the calculated PDIV values 
based on external airgap discharges, are more close to the actual measured PDIV values 
rather than at 100 kPa. At 11.6 kPa, the GP configuration measured results are closer to the 
calculated ones than any other configuration. It is questionable however, as to whether the 
discharges taking place when the experiments are carried out are due to external airgap 
discharges or void discharges. Analysis on statistical operators suggests that electrode 
bound discharges are taking place (i.e. airgap discharges), but this requires further 
investigation. Further experiments have to be performed on more cables of different type, 
consisting of different insulation materials and dimensions, to determine if voids are 
present. 
In order to obtain a better comparison of calculated and measured results more 
cables have been tested. Due to time restrictions and limited equipment availability only 
another four types of cable were tested using the LEMKE straight detection method under 
the UB configuration. One of these cables was also tested under the GP configuration. 
Results are shown in the table below including the results for the GP and UB cases which 
have been shown in Figures 5.23 and 5.24. The calculated PDIV values are based only on 
external airgap discharges since the size of voids within the insulation is unknown. 
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TABLE 5.4 
COMPARISON OF AVERAGE MEASURED RMS PDIV RESULTS AND CALCULATED PDIV RESULTS 
USING UNIFORM FIELD EQUATION MODELS AS IN CHAPTER 3 
Cables Insulation 
materials 
Insulation 
Thickness 
(mm) 
Conductor 
Radius 
(mm) 
Cable 
Configuration 
Measured 
RMS 
PDIV 
(kV) at 
100 kPa 
Measured 
RMS 
PDIV (kV) 
at 11.6 kPa 
Calculated 
RMS PDIV 
(kV) at 100 
kPa 
Calculated  
RMS PDIV  
(kV) at 
11.6  kPa 
Percentage 
Difference 
(%) at  100 
kPa 
Percentage 
Difference(%) 
at  11.6 kPa 
PTFE, εr = 2.1 0.23 GP 1.42 0.65 12.68 -10.77 
UB 1.07 0.59 
1.60 0.58 
49.53 -1.69 A Polyimide Tape, 
εr = 3.4 
0.06 
1.04 
T P 2.45 0.84 2.37 0.79 -3.27 -5.95 
Cross-linked 
extruded 
polyalkene,       
εr = 2.25 
0.55 GP 1.96 0.78 18.88 -1.28 
B 
Cross-linked 
extruded 
polyvinylidene 
fluoride,           
εr = 3 
0.01 
1.06 
UB 1.29 0.94 
2.33 0.77 
80.62 -18.09 
PTFE, εr = 2.1 0.30 
C 
Polyimide Tape, 
εr = 3.4 
0.03 
1.83 UB 1.06 0.58 1.70 0.63 60.38 8.62 
PTFE, εr = 2.1 0.20 
Fibreglass Tape, 
εr = 6.5 
0.45 
D 
Polyimide Tape, 
εr = 3.4 
0.04 
2.75 UB 1.87 0.80 1.91 0.67 2.14 -16.25 
PTFE, εr = 2.1 0.31 
Fibreglass Tape, 
εr = 6.5 
0.53 E 
Polyimide Tape, 
εr = 3.4 
0.03 
6.20 UB 1.68 0.83 2.28 0.76 35.71 -8.43 
 
 Results in Table 5.4, show that the measured and the calculated RMS PDIV values 
at 11.6 kPa have an average percentage error of about -6.73%. At 100 kPa the average 
percentage error is about +32.08%. Cable D case appears to have the biggest percentage 
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error at 11.6 kPa but the smallest percentage error at 100 kPa. Four out of five cables that 
have been tested exhibited a negative sign on the percentage difference values, indicating 
that calculated PDIV results are smaller in magnitude than the actual measured results. 
(The exception is Cable C case). This leads to the argument made in Chapter 3, that 
uniform calculations provide rather conservative results. However at 100 kPa, all cables 
tested exhibit positive percentage difference values. This is a result which requires further 
investigation. More tests have to be carried out on different cable samples having different 
insulation thicknesses, different number of insulation layers and conductor sizes. The ideal 
case would be if many cable samples of the same type were available for testing, in 
different conductor sizes and insulation thicknesses. This way it would be possible to 
examine how the percentage difference varies with insulation thickness and conductor size. 
The drawback in this situation is the fact that different cable sizes of the same cable type 
are more probably to be composed of different insulation materials or having extra layers 
of different insulation due to mechanical considerations. 
 Comparing cables A and B, it can be observed that the GP configuration has 
smaller percentage differences at high pressure and at low pressure with the exception of 
cable A, when tested at 11.6 kPa under the UB configuration (-1.69%).  
 The TP configuration (twisted pair of cables of the same type) has a higher 
measured and calculated PDIV than the UB and the GP configurations. This is due to the 
presence of double the insulation thickness between the cable conductor connected at high 
voltage and the cable conductor connected to ground. The percentage difference is very 
small in both cases, when the pressure is 100 kPa and 11.6 kPa. PDIV results support the 
conclusion made in Chapter 3, which states that doubling the insulation thickness does not 
result in a double PDIV.  At 100 kPa only PDIV tests using the GP configuration satisfy 
this conclusion. However at 11.6 kPa both configurations satisfy this conclusion. 
It has to be noted that the accuracy of the calculated values depends on the values 
of relative permittivity of each insulation material which have been used in the uniform 
field equations. These values have been taken from literature and from cable specification 
datasheets. In addition the equations used do not take into account any interfacial/space 
charge effects as described in Chapter 2. The calculations used in Chapter 3 were used in 
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combination with Paschen’s Law. Thus, it might also be the case that the percentage error 
is due to the Paschen’s’ Law data which was used in the calculations.  
 
5.5 Summary 
To begin with, a straight detection circuit for measuring PD at 100 kPa and at 11.6 kPa was 
constructed and the cables tested in different configurations. The model of the PD 
detection instrument which was used was called ‘ROBINSON’ type 700-Model 5. 
Furthermore a balanced PD detection circuit was used to reduce external noise and to 
compare and verify results. The instrument used in the balanced circuit detection method 
was the LEMKE LDS-6. PDIV and PDEV Results obtained with this model were different 
and thus the experiments using the straight detection method were repeated with the digital 
LEMKE model, to verify the PD results.  
The aerospace cables have been tested in different configurations such as wrapping 
the cable around a hollow cylindrical grounded conductor (CG), laying the cable on a flat 
grounded plane (GP), having a bare cable wrapped around the insulated cable (TW) and 
finally adding a braid around the cable insulation (UB). In the last configuration, heat 
shrink insulation was also added to make sure the braid was held tightly around the cable 
insulation. Tests aimed to show the best way of testing cables for the aerospace industry 
based on practical applicability, on the lowest PDIV and on the consistency of the results.  
PD magnitude-phase resolved plots and statistical operators (Skewness, Kurtosis 
and Cross Correlation) have been analysed to determine whether the discharges occurring 
in each configuration were in the airgap, or within a void in the insulation. In addition PD 
rates have been compared for all configurations. Finally measured and calculated PDIV 
results for different cable types have been compared using the UB and the GP 
configurations. It must be emphasized at this point, that in practice the voltage ratings 
should be based on the lowest PDEV. However, PDEV cannot be calculated using 
theoretical models. Thus PDIV values have been used for comparison. 
In the next section DC PD tests are carried out to determine PDIV magnitudes, PD 
rates and PD magnitudes to compare them with the AC PD test results. 
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The phenomena associated with PD as well as PD testing, are very well understood 
for AC power systems on the ground. Even so, a Standard (BS EN 3475-307) [59] exists 
which describes the method for preparing aircraft cables for PD testing. It is not mentioned 
in literature why the method used in it for testing screened and unscreened cables is 
identical.  
If you screen a cable, the cable is tested for PD either within the cable insulation for 
voids, or for PD occurring in the very small airgap between the outer insulation surface and 
the screen. However, according to Paschen’s Law (also mentioned by Dunbar [5]), at a 
lower pressure, PD is most likely to occur with a relatively larger airgap distance. If the 
cable is to be installed without a screen, the airgap distances will certainly be much bigger 
than the airgap distance when the cable is screened.  
Thus, the novelty of the work done in Chapter 5 is the testing of aircraft cables laid 
out in different configurations and the comparison of PD results including the PDIV with 
the configuration described in the Standard BS EN 3475-307. From the results it was 
concluded that the method of screening the cables according to the Standard, is satisfactory 
for a pressure as low as 11.6 kPa (up to an altitude of 50,000 feet). This was due to the fact 
that this method resulted in the lowest PDIV with a relatively low standard deviation of 
results.  
What further needs to be examined is the case of aircraft flying at higher altitudes, 
where the pressure is lower than 11.6 kPa. In addition, analysis of PD results support the 
argument made in Chapter 3, that PD on unscreened cables at 11.6 kPa occurs outside the 
insulation, rather than inside the insulation within a void. A direct comparison of measured 
PDIV results with calculated PDIV results using the methodology in Chapter 3 was also 
carried out. From this comparison, the argument stated in Chapter 3, that calculations 
provide a conservative result, was confirmed. A comparison as such has not been found in 
literature. 
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Chapter 6 
DC Partial Discharge Tests 
 
As mentioned in Chapter 1, DC voltages used in aircraft electrical systems have increased 
through the years from 14.25 V in 1936 up to +/-270 V (540 V) up to date, due to the 
increase in the electrical power demand. Increased DC voltages are accompanied with an 
increased risk of DC partial discharges (PD). Since there is a lack of understanding of PD 
processes occurring under a DC voltage in an aircraft environment, research has to be 
carried out to investigate DC PD processes. PDs occurring under a DC rather than an AC 
supply voltage differ in PD magnitude and repetition rate (RR). As described in the 
previous chapters, under AC conditions the electric field distribution across the cable 
conductor and the insulation and across the airgap and the ground is determined by the 
relative permittivity of the materials, whereas under DC conditions the electric field is 
determined by the conductivity. Tests have been carried out, as they are explained in this 
chapter, to evaluate the differences between AC and DC PD results on specific unscreened 
aerospace cable having PTFE insulation with a small inner layer of polyimide tape. The 
same cable samples and configurations were used for testing as in chapter 5 (UB and GP).  
 
 
6.1 Introduction 
The principles for DC PD measurements are the same as for AC PD based on [50] and the 
straight detection circuit can be used in this case as well. However it is much more difficult 
to detect DC PD due to the fact that the repetition rate (RR) is very small compared to the 
AC case. Whilst RR, under AC conditions is governed by the frequency of the high voltage 
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applied (discharge reoccurs every half cycle) [19, 20], for DC it is dependent on the time 
constant ‘τ’ of the charging airgap or internal cavity, as given in Equation 2.22, in Chapter 
2. The equation is shown again in Figure 6.1a together with the dielectric circuit used to 
analyse DC PD. The symbols used in the equation represent the electrical parameters 
shown on the dielectric circuit. Figure 6.1b shows a plot of the voltage across the cavity in 
the dielectric. All the diagrams shown below are taken from Morshuis and Smit [20]. 
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Figure 6.1: Figure showing a). Dielectric circuit used to analyse DC PD and b) Rough sketch of the voltage 
across the cavity Vs time. Diagrams include the equations for τ of the charging cavity and the RR  
  
Because τ is very large, the time it takes for the voltage across the cavity to rise 
above the breakdown voltage of air in the cavity is also large. Consequently RRDC can be 
as low as one discharge per minute [20]. The time at which this discharge occurs is also 
very random and this phenomenon makes the detection much more difficult and the whole 
test more vulnerable to external noise interference. Regarding DC PD magnitudes, these 
are dependent on the overvoltage ‘∆V’ and the steepness of the overvoltage as shown in 
Time Constant Approximated Repetition Rate (RR) 
a). Dielectric circuit and time constant b). Plot of the Voltage across the cavity  
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Figure 6.1b [32, 71]. The larger the ∆V and the higher steepness, the larger the PD 
magnitude will be. ∆V is dependent on the statistical time lag ‘tL’. The larger the tL the 
larger the ∆V will be. According to Fromm [71], for DC voltages tL can be several tens of 
ms, whereas for AC voltages tL  could be a maximum of 0.1 ms for Townsend discharges. 
However, the steepness of the AC overvoltage is several orders of magnitude bigger than 
the DC overvoltage resulting in much larger PD magnitudes.  
 
6.2 External Noise Interference 
Under AC conditions the PD occurs at specific points in time during the positive and the 
negative half cycle where dV/dt is the largest.  In addition, PD magnitudes (q in pC) 
coming from the test samples are much larger than the Pico-coulomb values observed on 
the LDS-6 monitor, due to the propagation of noise through the testing circuit to the PD 
detector. It has also been shown in Chapter 5 that PD occurs in a certain phase range, 
during the positive and the negative half cycle. Thus, under AC conditions it is easy to 
distinguish the actual PD signals coming from the cable test samples, from external noise 
interference.  
Under DC conditions it is very difficult to discriminate the actual PD signals. For 
example PD could occur at least once every minute. If during that time the lights are 
switched on in the laboratory, it would not be possible to determine whether the spike on 
the PD monitoring screen is due to an actual PD from the testing specimen, or whether it is 
caused from a voltage fluctuation from the mains, or from higher frequency noise signals 
in the area. In addition, at the inception voltage DC PD magnitudes can be very small (a 
maximum of 5 pC), compared with the AC PD magnitudes (several hundreds of pC). Thus, 
PD magnitudes cannot be used to distinguish the actual PD from external noise. Figure 6.2 
shows all the possible noise sources from the testing circuit that was used. 
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Figure 6.2: Possible sources of noise that manifest as a PD signal which is measured in Pico-Coulombs on 
the LDS-6 monitoring screen  
 
In order to minimise the possible sources of noise, a balanced circuit was used to reduce 
background noise signals and possible harmonics coming from B and C as shown in Figure 
6.2 above (noise level was reduced down to 2-4 pC). In addition the length of the 
connecting cables was reduced and any sharp connections were smoothed to account for D 
shown in Figure 6.2, to reduce the level of noise propagation.  
 
6.3 Balanced PD Detection Circuit-LEMKE 
Even though with the use of the balanced circuit (shown in Figure 6.3) background noise 
was reduced down to 2 - 4 pC, it was observed that interference from switching on the 
lights in the laboratory or interference coming from other test rigs in the area (mainly 
material breakdown test rigs), was still affecting the DC PD monitoring system. The only 
way to avoid this problem is to install the whole test rig in a grounded metal container. Due 
to time restrictions these actions were not carried out but instead the tests were carried out 
in times where no other tests were running in the laboratory. In addition tests were carried 
out to observe the magnitude and the shape of the false PD signals seen on the monitoring 
screen due to external interferences. For example it was observed that by switching on/off 
the lights a 3 -5 pC PD magnitude could be observed on the monitoring screen. When 
Noise Sources
Appearing on the LDS-6  monitor as
charges measured in pC
A) Possible PD sources
(Other than the cable test samples)
1. AC to HVDC electronic converter
2. Pressure Chamber’s HV bushing.
3. Connecting wires and lids
4. Coupling Capacitor
5. Potential Divider
B) Background Signals
High frequency signals from
nearby experiments
1. Breakdown tests
2. PD tests
C) Single Phase Supply
(Harmonics from laboratory’s single phase
power supply due to non linear loads)
1. Vacuum pump
2. Vacuum pump controller
3. AC to HVDC electronic converter
D) Noise Propagation
Noise level in pC, is affected by the PD
testing circuit’s connections :
1. Length of the wires
2. Sharpness of the lids (crocodile clips)
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breakdown tests were being carried out in the laboratory, every time there was a test 
sample breakdown, the false PD magnitude that was observed on the screen was again 5 
pC. This way it was made easier to distinguish whether the data observed on the screen 
was false or whether the data was coming from PD occurring on the cable sample being 
tested. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: PD balanced detection circuit based on [30] with the addition of a                                               
vacuum chamber and a vacuum pump controller 
 
 
6.3.1 Description of Testing Procedure 
6.3.1.1 LABVIEW software development  
DC PD tests were performed for the two different configurations GP and UB, at both high 
pressure (atmospheric pressure: 100 kPa) and at low pressure (50,000 feet: 11.6 kPa). 
Software was developed in LABVIEW to step up the DC voltage to determine the PDIV 
and then to step it down in order to determine the PDEV. The software was developed so 
that the step-up and the step-down voltages could be varied, as well as the time 
interval/delay (TD) between the voltage step changes at which the DC voltage was held 
constant at a specific level. Ideally a ramp should be used to determine the PDIV instead of 
using a step voltage to avoid the fast changes of voltages (high dV/dt) which can result in 
large PD spikes. However, even though a ramp function was firstly incorporated for the PD 
tests, it was observed that the voltage did not rise smoothly. Instead, it was kept constant 
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for a certain period of time and then rose in steps of 80 Volts. This was either due to the 
software not functioning properly, or due to the response of the AC to HVDC converter to 
the software.  
As mentioned, during voltage step changes there is a high dV/dt. After a certain 
voltage level this high dV/dt can result in PD spikes as it will be observed in the figures 
that will be shown later on. In order to avoid the effect of the step changes the step-up and 
the step-down voltage was set at approximately 80 V. This was the step value observed 
when the ramp function was used. Furthermore the time delay (TD) was set at 120 
seconds. Figure 6.4 shows a general preview of the test voltage generated using the 
LABVIEW software. 
 
     
 
 
 
 
Figure 6.4: General preview of the test voltage applied across the test samples using the balanced PD 
detection method under DC conditions 
 
 
 The test voltage shown in Figure 6.4 was applied onto the test cable samples in a 
UB and in a GP configuration, at 100 kPa and at 11.6 kPa. Furthermore the tests were 
repeated using a different step-up and step-down voltage. 
 
6.3.2 DC PD Results and Analysis 
Figures 6.5 and 6.6 show the DC PD results of the GP and UB cable configurations at 100 
kPa when the step voltage is 80 V. The GP case at 100 kPa is symbolised as GPHP and at 
11.6 kPa it is symbolised as GPLP. Similarly UB at 100 kPa is symbolised as UBHP and at 
11.6 kPa UBLP. It has to be noted that the starting voltage for all experiments was 0 V. 
However all figures shown below are a snapshot focusing at the voltage levels at which PD 
activity was observed on the monitoring screen.  
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Figure 6.5: GPHP DC PD results using the balanced straight detection method with a step-up/step down 
voltage of 80 V and a TD of 120 seconds  
 
 
 
Figure 6.6: UBHP DC PD results using the balanced straight detection method with a step-up/step down 
voltage of 80 V and a TD of 120 seconds  
Part A 
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Part B 
Part C 
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Both GP and UB cable configurations exhibit different PD patterns at 100 kPa. For the GP 
case (look at Figure 6.5), the voltage was raised up to 7.2 kV, a voltage well above the AC 
PD inception voltage, to observe how the PD rate, the PD number and the PD magnitude 
are affected with the increase in the supply voltage. Results obtained agree with [20, 31, 
71] which state that as the supply voltage is increased, the PD magnitude, the PD number 
and the PD rate increase.  
It is arguable here whether the signals observed on the LDS-6 monitor is actual PD 
or noise. It must be noted that with the use of the balanced circuit the external noise was 
reduced down to 2 - 4 pC if 50 pC were injected into the balanced circuit (two parallel 
RLC impedance circuits, thus 25 pC should flow through each branch). Therefore the 
results obtained could be considered to be PD, only if by raising the voltage level up to 7.2 
kV, the noise level does not increase above 50 pC.  If for example the noise level increases 
up to 100 pC this would mean that the 2-4 pC of noise observed on the screen would also 
double to 4-8 pC etc. The external noise coming from background signals (electronic DC 
supply, vacuum pump, vacuum pump controller and signals intruding from other tests 
occurring near the testing area) should be constant. The only reason for the noise to 
increase would be the PD generation from other sources but from the testing cables. 
Looking again at Figure 6.5, the maximum PD magnitude observed is approximately 20 
pC. This PD could originate from the cable and/or from the other PD sources listed in 
Figure 6.2. This PD could be generated from the bushing. If the noise level was reduced to 
2 pC when 50 pC were injected across the parallel impedance branch, then the PD 
generated from the bushing would have to be approximately 500 pC to achieve a maximum 
PD magnitude of 20 pC on the LDS-6 screen.   
The UB configuration has been tested up to 2.5 kV at 100 kPa (UBHP case) as is 
shown in Figure 6.6. GPHP results showed that there was no PD up to a voltage of 3.8 kV. 
Thus based on this observation it can be concluded that PD starts at a higher operating DC 
voltage when the cables tested are laid on a grounded plain (GP case), than when the 
cables tested are screened (UB case).  
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 It can also be observed that in both configurations (GP and UB), there is some PD 
activity with small negative and positive PD rates respectively. This phenomenon requires 
further investigation. (The negative PD rate is most likely to originate due to the balanced 
circuit configuration. PD generated from one of the testing cables would appear on the 
output as negative PD and positive PD from the other cable. Thus PD rate from one of the 
cables would appear as negative and positive for the other). The PD number seems to 
increase with an increase in the DC supply voltage. For the GP case the supply voltage at 
which a +ve PD rate of 20 PD/s or 1200 PD/min is achieved, is larger than the UB case and 
thus the cables are exposed to an HV DC voltage for a longer period of time for the same 
TD (120 sec). Therefore the total PD number is also expected to be larger than the UB 
case. 
At 11.6 kPa, Figures 6.7 and 6.8 which are shown below, illustrate that PD activity 
starts at about 1.2 kV for both configurations. PD rates and PD numbers show similar 
trends. However for the UB case, the +ve PD rate suddenly increases at 1.9 kV whereas for 
the GP case the PD rate increases gradually with the increase in supply voltage.  Both 
testing configurations have similar –ve PD rates. 
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Figure 6.7: GPLP DC PD results using the balanced straight detection method with a step-up/step down 
voltage of 80 V and a TD of 120 seconds  
 
 
Figure 6.8: UBLP DC PD results using the balanced straight detection method with a step-up/step down 
voltage of 80 V and a TD of 120 seconds  
Part A 
Part B 
Part C 
Part A 
Part B 
Part C 
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The maximum PD magnitude reached is approximately the same for both cable 
configurations at about 2 kV. The differences in the PD results at low pressure are not as 
significant as high at high pressure but this is an area which requires further investigation. 
More tests are needed on cables of different conductor size and insulation thicknesses. The 
next section describes how the PDIV for each case was selected. In addition, Table 6.1 
shown in the next section, summarizes all PD results at 100 kPa and at 11.6 kPa for both 
GP and UB configurations.  
 
6.3.3 Average PDIV Results 
In BS EN 60270 [30], it is stated that under AC conditions the test circuit and the 
equipment used to detect PD, should at least have a 5 pC sensitivity. This implies that the 
noise level should be lower than 5 pC and that when PD magnitudes equal or greater to 5 
pC are detected, then the voltage at which this PD is generated should be regarded as the 
inception voltage (PDIV). For DC tests there is no reference regarding the sensitivity or the 
PD repetition rate and thus there is no reference on how to determine the PDIV under high 
voltage DC conditions. Kreuger [17] mentions however, that in the American society of 
testing and materials standards D1868-1973, it is stated that if the PD repetition rate 
reaches one PD/min, then the voltage at which this repetition rate is reached can be 
considered to be the PDIV. Thus, in this case the DC PDIV was selected based on a PD 
sensitivity of 5 pC having a sustained repetition rate of RRDC ≥ 1 PD/min. 
 The minimum PD detection level was set at 5 pC during the experiments. Even 
though the DC voltage was held constant at a specific level for two minutes no discharges 
were detected having a PD rate of one discharge per minute. Instead, after a certain voltage 
level, discharges of a very low magnitude (up to 2 pC) ignited suddenly having an average 
repetition rate of ≈11 PD/min (or ≈0.2 PD/s) for the GP case. This repetition rate kept 
increasing with increase in the DC supply voltage as it was shown in Figure 6.5 Part B. 
Figure 6.9 displays the results already shown in Figure 6.5 but zoomed in to show how the 
PDIV was determined.  
  
       247               
 
 
 
Figure 6.9: GPHP DC PD results (Zoomed in) using the balanced straight detection method with a step-
up/step down voltage of 80 V and a TD of 120 seconds  
 
It has to be mentioned that despite the fact that the detection level was set at 5 pC the 
software was still capturing PD data having a magnitude of ≤ 5 pC and displaying them on 
the graph as shown in figure 6.9. Nevertheless the PDIV was selected as soon as the 5 pC 
PD level was reached. Since a maximum of 5 pC is required in the standards for AC PD 
testing conditions, the same PD magnitude was chosen to determine the PDIV under DC 
conditions. Since the PD repetition rate is much less in the DC case, PD of the same 
magnitude should be less detrimental for the insulation under DC conditions than under 
AC conditions.  The point which is circled on the graph in Figure 6.9 above, shows how a 
PDIV value of 4.25 kV was chosen when the PD rate was 7 PD/min (or 0.12 PD/s) when 
the GP cable configuration was tested at 100 kPa. Note that this PD rate value is not the 
same as the one shown in Figure 6.9 Part B. A PD rate of 7 PD/min was obtained by 
counting all the PD occurring during the TD of 120 seconds having a magnitude of ≥ 5 pC. 
The PD rate on the monitoring screen (Part B), includes smaller PD magnitudes as well. 
Figure 6.10 shows how a PDIV value of 2.0 kV was chosen when the PD rate was 102 
PD/min (or 2.5 PD/s) for the UB cable configuration at 100 kPa. Similarly Figures 6.11 
and 6.12 show how the PDIV values of 1.5 kV and 1.1 kV were chosen at 11.6 kPa for GP 
and UB respectively.  
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Figure 6.10: UBHP DC PD results using the balanced straight detection method with a step-up/step-down 
voltage of 80 V and a TD of 120 seconds  
 
 
Figure 6.11: GPLP DC PD results (zoomed in) using the balanced straight detection method with a step-
up/step-down voltage of 80 V and a TD of 120 seconds 
 
 
  
       249               
 
 
 
Figure 6.12: UBLP DC PD results (zoomed in) using the balanced straight detection method with a step-
up/step-down voltage of 80 V and a TD of 120 seconds 
 
Concluding, the PDIV for the GP cable case at 100 kPa (GPHP) is approximately 4.25 kV 
and this is significantly larger than the PDIV determined for the UB cable configuration 
which was found to be 1.9 kV. However at 11.6 kPa, both GP and UB cases result in lower 
PDIVs. It is uncertain whether the PDIVs obtained are for the cables that have been tested 
or for the high voltage bushing of the environmental chamber, or other possible PD sources 
which are listed in Figure 6.2. PD test results are shown below in Table 6.1. Some of these 
results are also listed in Table 6.3 in Section 6.4, where the PDIVs and the average PD 
rates determined under DC conditions, are compared with the corresponding results 
obtained under AC conditions. 
TABLE 6.1 
COMPARISON OF PD RESULTS FOR THE GP AND UB CABLE CONFIGURATIONS, FOR A STEP 
VOLTAGE OF 80V AT PRESSURE OF 11.6 KPA AND 100 KPA AND A TEMPERATURE OF 275 K  
Configuration GP UB 
Pressure (kPa) 11.6 100 11.6 100 
DC PDIV (kV) 1.5 4.25 1.1 1.9 
Average PD Rate, RRDC (PD/min) for a PD 
detection level of ≥ 5 pC 4.8 2.5 10.5 9.5 
Average +ve PD Rate, RRDC (PD/min) 108 75 0 75 
Average -ve PD Rate, RRDC (PD/min) 0 0 60 90 
Average PD Magnitude (pC) 6 5.5 6.6 5.4 
Average PD Number for a PD detection level 
of ≥ 5 pC 9.6 5 21 19 
  
       250               
 
 
In general, the DC PDIV measured for the UB case at 100 kPa is only 42% of the 
PDIV obtained in the GP case.  At 11.6 kPa the UB case PDIV is 73% of the GP PDIV 
value. UB PD rates are ≈2 and ≈3 times larger than the GP PD rates at 11.6 kPa and 100 
kPa respectively. The total average PD number depends on the PD rate and the period of 
time that the cables are exposed to a high voltage (TD). Since TD is equal for both 
configurations, the PD numbers for the UB case will also be ≈2 and ≈3 times larger than 
the GP case.  
It has to be mentioned that the +ve and -ve PD rates occur due to the arrangement 
of the balanced circuit with the two RLC impedance branches included into the circuit. PD 
generated from one cable will flow through one branch and it will appear with a +ve PD 
rate on the LDS-6 monitoring screen. PD generated from the second cable will flow 
through the second branch appearing with a -ve PD rate.  
 
6.3.4 PDIV Results Using a Higher Step Voltage  
In practice, DC loads in an aircraft electrical system are not constant during an aircraft 
flight. The voltage will have to be switched on or switched off depending on the 
operational loading conditions (load planning). Some loads operate at a higher voltage than 
others and thus they will require the voltage to be stepped up (switched on) at a higher 
level than others. The higher step-up voltage will affect the cables that connect these loads 
to the main distribution board/panel. This is another interesting area that requires further 
research. For example it is shown in Figures 6.13 and 6.14 that a higher voltage step 
change results in different PDIV values for the same test cable sample. 
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Figure 6.13: GPLP DC PD results using the balanced straight detection method with a step-up/step-down 
voltage of 375 V and a TD of 120 seconds 
 
Figure 6.14: UBLP DC PD results using the balanced straight detection method with a step-up/step-down 
voltage of 375 V and a TD of 120 seconds 
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For example the aircraft loads could be switched on for the GP cable configuration at 11.6 
kPa. If the step voltage is 375 V, the PDIV is approximately 1.75 kV instead of 1.5 kV, 
which was the PDIV determined when the step voltage was 80 V. It could be argued here 
since the step voltage is 375 V and the voltage does not increase gradually, going through 
the intermediate voltages of 1.5 kV and then 1.58kV and then 1.66 kV and so on. It 
increases suddenly from approximately 1.38 kV (a voltage value below the determined 
PDIV), to 1.75 kV. By looking at the PD rate and the PD magnitude results at the DC 
PDIV for GP case and the UB case at 11.6 kPa, some conclusions can be drawn. These 
results are summarised in Table 6.2 shown below. 
 
TABLE 6.2 
COMPARISON OF PD RESULTS FOR THE GP AND UB CABLE CONFIGURATIONS FOR DIFFERENT 
STEP VOLTAGES AT A PRESSURE OF 11.6 KPA AND AT A TEMPERATURE OF 275 K  
Configuration GP UB 
Step Voltage (V) 80 375 80 375 
DC PDIV (kV) 1.5 1.75 1.1 1.3 
Average PD Rate, RRDC (PD/min) for a 
PD detection level of ≥ 5 pC 4.8 360 10.5 225 
Average +ve PD Rate, RR (PD/min) 108 360 0 225 
Average -ve PD Rate, RR (PD/min) 0 75 60 120 
Average PD Magnitude (pC) 6 15 6.6 10 
Average PD Number for a PD detection 
level of ≥ 5 pC 9.6 250 125 240 
 
If the DC PD rate and the DC PD magnitude results at a higher step voltage were lower, 
then it could be stated that indeed a different step voltage gives rise to higher PDIV values. 
However, this is not the case. What can be concluded from the results in Table 6.3 is that a 
bigger step voltage has a significant effect on the PD rate, the PD magnitude and thus the 
PD number during the TD period of 2 minutes.  
By looking at the PD rates in the above table, some questions arise related with the 
determination of the PDIV.  The PDIV was selected based on a step voltage of 80 V and 
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the average PD rate detected was 4.8 PD/min for the GP configuration for PD magnitudes 
≥ 5 pC. If a smaller step voltage was used or a cable with thicker insulation, would it be the 
case that discharge rates of 1 PD/ min could be achieved? With an even smaller step 
voltage would the PDIV be smaller? Again, would using a smaller step voltage be a 
realistic approach to determine the true PDIV? Would it be better to use a ramp voltage to 
determine the PDIV and would this result in larger PDIVs? If so, could the loads be 
switched on by using a ramp function so that the PDIV of cables is bigger enhancing the 
capability of the cable? These are all questions that require further research. 
One important difference in the conditions in which the experiments were carried 
out with a different step voltage is the time of exposure to relatively higher voltages when 
the step voltage was 80 V. This is due to the LABVIEW software which was designed to 
generate the supply voltage waveform. For example if the maximum voltage applied 
during the experiments is constant as well as the time delay, (TD – time during which DC 
voltage is constant), it will take less time to reach that maximum applied voltage if the step 
voltage is larger. In order to check if the period of time for which the cables are exposed to 
a HV DC voltage has an effect on the PDIV, the time delay (TD) should also be increased 
proportionately with the increase in the step voltage. For example if the voltage step is 
doubled, then TD should also double before and after the PDIV is reached, in order to have 
the cables exposed to these voltages the same period of time.  This is another case which 
requires further investigation. 
 
6.4 Comparison of AC and DC PD Results  
The tables shown below list the average PD results measured under AC and DC 
conditions. Results displayed include PDIVs, PD magnitudes and PD rates at inception 
voltage and 20% above inception. A comparison is made between columns filled with the 
same colour code. For example the average PDIV under AC conditions (grey coloured 
column – Table 6.3A), is compared with the average PDIV under DC conditions (grey 
coloured column – Table 6.3B).  The DC PD results which are displayed below are the 
results obtained when the step voltage was 80 V. 
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TABLE 6.3A  
AVERAGE AC PD MEASURED RESULTS AT 100 KPA AND 11.6 KPA, FOR GP AND UB 
CONFIGURATIONS AT PDIV AND 20% ABOVE PDIV   
Testing Conditions AC 
Pressure 
(kPa) Configuration 
PDIV 
(kV) 
PD 
Magnitude 
(pC) 
at PDIV 
Average  
PD 
Magnitude 
(pC)  
20% above PDIV 
PD Rates 
(1/s) 
at PDIV 
PD Rates 
(1/s) 
20% above PDIV 
UB 1.10 98 610 203 476 
100 
GP 1.42 120 1800 118 1712 
UB 0.56 598 805 189 406 
11.6 
GP 0.59 1010 2823 315 658 
 
TABLE 6.3B  
AVERAGE DC PD MEASURED RESULTS AT 100 KPA AND 11.6 KPA, FOR GP AND UB 
CONFIGURATIONS AT PDIV AND 20% ABOVE PDIV  
Testing Conditions DC 
Pressure 
(kPa) Configuration 
Average  
PDIV 
(kV) 
Average 
PD 
Magnitude 
(pC) 
at PDIV 
Average 
PD 
Magnitude 
(pC)  
20% above PDIV 
PD Rates 
(1/s) 
at PDIV 
PD Rates 
(1/s) 
20% above PDIV 
UB 1.90 5.40 7.8 0.16 20.5 
100 
GP 4.25 5.50 8.7 0.04 6.3 
UB 1.10 6.60 15.4 0.18 17.5 
11.6 
GP 1.50 6.00 13.3 0.08 5.4 
 
The first thing to notice from the table above is the large increase in PDIV if the 
tests are carried out under DC conditions. At 100 kPa, the DC PDIV is 1.7 times larger 
than the AC PDIV for the UB configuration.  Similarly the DC PDIV is 3 times larger than 
the AC PDIV for the GP configuration. At 11.6 kPa, the DC PDIV is 2 times larger than 
the AC PDIV for the UB configuration and 2.5 times larger for the GP configuration. This 
information is very useful, since it can give an indication as to how much the operating 
voltage can be raised when using a DC instead of an AC operating voltage and 
consequently, give an indication of the enhancement in power transfer capability of an 
aircraft cable. As an alternative it can also give an indication on how much weight can be 
saved by using a smaller cable conductor, as a result of passing less current through the 
cable to achieve the same power transfer.   
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Based on the AC PD results, the PDIVs at 11.6 kPa for both configurations are 
approximately equal. At 100 kPa the AC PDIV obtained for the UB configuration is 77.5% 
of the AC PDIV measured for the GP case. However, DC PD results for the two cable 
configurations, exhibit a larger difference in PDIV at both 100 kPa, as well as at 11.6 kPa. 
As it is for the AC case, when comparing the two cable configurations at 11.6 kPa, the 
PDIV difference under DC conditions is much lower than at 100 kPa. However, this 
difference is much more significant than under AC conditions. The DC PDIV measured for 
the UB case at 100 kPa is only 42% of the PDIV obtained in the GP case.  At 11.6 kPa the 
UB case DC PDIV is 73% of the GP PDIV value.  
As far as PD rates at the PDIV are concerned, these are 3-4 orders of magnitude 
lower under DC conditions. At 20% above the PDIV, DC PD rates for GP are 2-3 orders of 
magnitude lower than the AC PD rates, whereas for UB the DC PD rates are 1-2 orders of 
magnitude lower. It can also be observed that the PD rates considering a sensitivity of 5 pC 
are generally lower at 11.6 kPa than at 100 kPa under AC conditions with the exception of 
the GP case. On the other hand PD rates are bigger at 11.6 kPa. At 20% above the PDIV, 
AC and DC PD rates follow similar trends at both pressure levels.  
PD magnitudes obtained under AC conditions are much larger (≈ 1-2 orders of 
magnitude), than under DC conditions. At 11.6 kPa and 100 kPa, the PD magnitudes at the 
PDIV are approximately the same. As expected, at 20% above the PDIV the PD 
magnitudes are larger (≈ double). Under AC conditions PD magnitudes show a much 
stronger dependency on pressure. 
The difference in AC and DC PD magnitudes is huge and consequently the long 
term deterioration of the cable insulation when it is operating under DC conditions should 
be much less. This result is of great importance for the lifetime of the cable since it might 
play a vital role in developing a new method in determining the PDIV of the cable 
operating under DC conditions. For example the PDIV determination could be based on 
the comparison of how a cable ages under AC and DC conditions. If the cable operating at 
the AC PDIV ages at certain rate, what would the equivalent DC PDIV that would result in 
the same aging rate.  
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  Overall, from the results obtained it can be concluded that the PDIV for the cables 
tested is much higher at DC conditions than under AC conditions. However, it is not 
certain whether the results are due to other PD sources, as listed and explained in this 
chapter. The difficulty in DC PD measurements arises due to the very low DC PD rates (as 
low as 1 discharge per minute) and the very low DC PD magnitudes. Other tests have to be 
carried out to make sure that all the testing equipment used is free of PD for the required 
testing voltages. 
 
6.5 Summary 
Concluding, this chapter has been focused on DC PD testing of specific aerospace cables 
in two configurations (GP and UB). The balanced circuit was used in combination with the 
LDS-6 PD detector, to carry out the DC PD tests and furthermore to determine partial 
discharge inception voltages (PDIVs) at 100 kPa and at 11.6 kPa. 
 A description of the testing methodology has been described together with the 
difficulty in testing for PD under DC conditions. Possible noise and external PD sources 
have been identified and the actions taken to reduce these external interferences as much 
possible have been listed. 
AC and DC PD measured results (PD rates, PD magnitudes and PD numbers), have 
been compared at the PDIV as well as 20% above inception. Furthermore, the measured 
DC PDIV results have also been compared with the PDIV theoretical calculation results as 
in chapter 3. 
Unlike testing for PD under AC conditions, little work can be found in literature 
regarding testing for PD under DC conditions. Even so, the DC PD work found in 
literature is confined to ground power systems. With the development of the More Electric 
Aircraft (MEA) and the use of higher DC voltages past the minimum of Pachen’s Law, it is 
necessary to carry out research in the field of DC PD, especially with an environment 
replicating the conditions of an aircraft at altitude.  
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As discussed, Chapter 6 points out the difficulties faced when it comes to testing 
for DC PD. Compared to other documents, journals or theses, the possible noise sources 
that can affect the PD results are listed and explained and the steps carried out to remove 
these noise sources are explained in detail.  
A method for determining the PDIV of DC cables is also explained with the 
appropriate justification. By comparing the AC and the DC PD results at 100 kPa and at 
11.6 kPa, it was concluded that PDIVs under DC conditions can be 2 to 3 times higher than 
under AC conditions. Despite the fact that there is an uncertainty as to where the PD 
obtained originates from (testing cables or PD occurring in other parts of the testing 
circuit), this PD was generated at higher voltages.  
The DC voltage waveform applied to the testing cables was kept constant for 2 
minutes and then stepped up in order to determine the PDIV. There is no reference in 
literature on the voltage waveform that should be used to test for DC PD. In addition, the 
case of raising the voltage using a higher step voltage was also examined to observe the 
differences in PD results. Again, unlike other research, this Chapter shows that the use of a 
higher step up voltage limits the operating voltage that can be applied on the cables.   
An initial comparison between PD rates, PD magnitudes and PDIVs has been 
carried out; however more experiments are required to measure the PDIV, making sure that 
PD is generated from the testing cables.  
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Chapter 7 
Conclusions and Further Work 
 
7.1 Introduction 
The aim of this thesis was to investigate the impact of increasing the operating voltage 
levels on different cable duct systems, on the More Electric Aircraft (MEA), taking into 
consideration volume and weight restrictions. A methodology was devised to determine the 
optimum Safe Operating Voltage (SOV) level at which these cable duct systems should be 
operated. The optimisation was based on uniform field calculations that have been used in 
literature to compute the partial discharge inception voltage (PDIV). In addition the 
uniform field calculation models have been used in combination with a finite element 
analysis tool to compare round cable systems and flat conductor systems in the form of a 
PCB. Furthermore AC and DC partial discharge (PD) tests have been carried out to 
measure PDIVs, PD rates and PD magnitudes at the inception voltage and 20% above 
inception, for a specific round aircraft cable. These measured results have been compared 
with the theoretical calculation results. This chapter summarises all the conclusions drawn 
from the research results and discusses further work that is required to expand this 
investigation. 
 
7.2 Conclusions 
7.2.1 Cable Duct System Optimisation  
As it was described in the summary Section 3.7, Chapter 3 proposes two methodologies for 
optimising high voltage cable systems to be used in the MEA. This is an extension of the 
work carried out by Nelms [12] who performed optimisation on a cable system installed in 
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a fixed sized duct. The optimisation is based on selecting an appropriate voltage level for 
maximum power transfer with a minimum impact on system weight.  In this thesis the 
possibility of bigger sized ducts has been examined and it was found that the maximum 
power to weight ratio of different cable systems does not increase if the diameter of the 
duct increases. In addition, a more practical methodology has been developed for cable 
system optimisation by starting from a fixed power demand (when the aircraft electrical 
loads are known), to determine the cable duct system resulting in less system weight. The 
new methods developed in Chapter 3 can be used by engineers to select exactly the cable 
they need, the cable system (AC/DC), the number of cables to use and at the same time 
figuring out how much space the cable system will occupy. The conclusions of Chapter 3 
are described below in detail. 
In chapter 3 the PDIV of certain cable systems was computed by using theoretical 
models and taking into consideration three types of discharges: void discharges, cable to 
ground airgap discharges and cable to cable airgap discharges. It was concluded that cable 
to cable airgap discharge, as opposed to the other types of discharges, was the determining 
type of discharge in computing the safe operating voltage of the cable installed in a bundle. 
The PDIV was higher due to double the insulation thickness between the cable conductors. 
However depending on the cable system, whether it was a grounded positive and negative 
DC system or a grounded three phase AC system, this PDIV had to be divided by 2 or by 
√3 to determine the voltage rating of a single cable. This rating was less than the voltage 
rating determined when a cable to ground airgap discharge and a void discharge were 
considered for calculating the PDIV. 
  A fixed duct size having a 30 mm diameter was used to calculate initially the 
optimal voltage based on the three types of discharges. For all the cable systems examined 
it was also concluded that maximum power transfer does not correspond to the system 
operating at maximum voltage. If the duct volume is fixed and the cable conductor 
decreases, there is more space to be filled by using thicker insulation and thus the voltage 
rating of the cable can be increased for fixed airgap distances between cables and the 
ground and cable to cable. However, as the conductor gets smaller the current rating 
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capability decrease dominates after a certain voltage increase and the maximum power 
transfer starts decreasing.  
 As far as the power to weight ratio against voltage rating curves are concerned, the 
maximum power to weight ratio occurs at higher voltages than the voltages at which 
maximum power transfer occurs. This shift in the optimal point occurs due to the lower 
power transfer capability of slightly higher voltages being compensated for by lower cable 
weights (i.e. less copper and more insulation). 
 Overall the analysis of both maximum power transfer capability and power to 
weight ratio show that the grounded positive and negative DC cable system appears to be 
the optimal choice for power distribution in an aircraft based on the criteria examined. The 
use of a DC system, where the insulation is utilised at its peak rating, gives good power 
transfer efficiencies. This is in contrast to the AC systems in which the power transfer 
capability is determined by the RMS voltage rating, this being 1.414 times lower than the 
maximum operating voltage. The use of a DC system where the conductors are allowed to 
float is not optimal, since each conductor has to be rated for the entire system voltage, even 
if it will not always operate at this value.  
 Using larger duct sizes does not result in an increase in the power to weight ratio 
optimal point. Even though larger ducts lead to larger conductor sizes and thicker 
insulation, they also lead to a significant increase in cable system weight, which 
compensates the increase in maximum power transfer.  
However, it was observed that duct sizes having a diameter <30 mm, can achieve 
significantly larger power to weight ratios. Even though the maximum power transfer is 
less, the reduction in the cable system weight is much more resulting in an increase in the 
power to weight ratio. This is an interesting result since this allows the possibility to 
replace larger duct systems with multiple smaller ones, in an attempt to achieve the same 
power transfer with a reduction in cable system weight. The grounded positive and 
negative DC case, which was found to be the optimal system in terms of maximum power 
transfer and power to weight ratio, was investigated to examine this possibility. Even 
though this was proven to be possible, it was also found that the increase in resistive losses 
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and in voltage drops were significant. Thus it would not be beneficial to replace larger duct 
systems with multiple smaller ones. 
 The process of calculating the optimal voltage was also reversed in order to 
establish the optimal insulation thickness if the electrical power required is known. This is 
actually a more practical approach, since the loads in an aircraft electrical system are 
known.  Results have shown that for a load of 250 kVA, which is the maximum power 
generated from one generator (as in BOEING 787) and for the cable clearance criteria 
taken into consideration, the optimal duct diameter is 25 mm for a grounded positive and 
negative DC cable system. In this case the optimal DC cable system consists of 4 cables 
with AWG 8 size conductors having an insulation thickness of 1.56 mm. In this case the 
voltage rating of the cable is 1.3 kV, with an approximate power to weight ratio of 610 
kVA/ (kg/m).  
 
7.2.2 PCBs VS Round Cables 
Chapter 4 proposes a methodology for determining the SOV for a PCB model using 
theoretical calculations and FEA analysis. In addition, it shows that PCBs can replace 
round cable systems as means of transferring power around the aircraft. If appropriate 
dimensions are used for the conductor traces within the PCB and the insulation thickness, a 
PCB model can offer a bigger maximum power to weight ratio. No analysis as such has 
been made available in literature and the proposed methodology can be used by engineers 
to analyse a PCB system with various possible geometries. The PCB SOVs determination 
is unique because it is based on the PDIVs that can occur within a PCB or outside. The 
conclusions of Chapter 4 are described below in detail. 
Results have shown that a three phase AC PCB system with flat AWG 16 
conductors can be used in to replace the round AWG 16 cable system installed in a duct. In 
this case, the PCB system offers a power transfer enhancement of 13% when the cables are 
held in the middle of the duct with a certain clearance. Unfortunately it cannot be used to 
replace round cable systems consisting of larger AWG sized conductors due to the lower 
power transfer capability. However, if the cables are touching and sitting at the bottom of 
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the duct, there is a decrease in the current rating of the cables, which results in a lower 
power transfer capability. In this situation the PCB system offers a power transfer increase 
of about 39% with respect to the round cable case. In addition, for other round cable 
systems not consisting of the same conductor and insulation weight, like for example duct 
systems consisting of AWG 14 or AWG 12 size conductors, then the power transfer 
enhancement offered by the AWG 16 PCB system is 22% and 5% respectively.  
The power to weight ratio results for optimal PCB design, as shown in Chapter 4, is 
larger than the power to weight ratio of the round cable duct systems consisting of 
conductors AWG 6, AWG 14 and AWG 16. On the other hand if the cables are touching, 
sitting at the bottom of the duct, then the PCB has a better power to weight ratio than all 
the AWG sizes that have been examined. 
There is an optimum insulation thickness between the PCB traces & between the 
PCB traces & the surrounding duct giving a maximum voltage rating. These thicknesses 
affect the current rating as well. It might be the case that the optimum power rating is not 
achieved at that optimum voltage point since the current might be decreasing or increasing 
more rapidly before or after that optimum voltage point. 
 
7.2.3 Different Cable Configurations for PD Testing 
As discussed in the summary in Section 5.5 in Chapter 5, the Standard BS EN 3475-307 
[59] is incomplete and it fails to explain why the cable preparation methods for PD testing 
of screened and unscreened cables is identical. Chapter 5 shows PD test results for aircraft 
cables laid out in different configurations and compares PD results including the PDIV 
with the configuration described in the Standard BS EN 3475-307. Analysis of PD test 
results were also used to support the arguments made in Chapter 3; that PD on unscreened 
aircraft cables at 11.6 kPa occurs outside the insulation, rather than inside the insulation 
within a void and also that calculations carried out in Chapter 3 provide conservative 
results. Comparisons as such have not been found in literature. The conclusions of Chapter 
5 are described below in detail. 
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AC and DC PD tests have been carried out to investigate whether different cable 
configurations provide different PD results. In addition, the test results were analysed to 
show the best way of testing cables for the aerospace industry based on practical 
applicability, on the lowest PDIV and on the consistency of the results. These cable 
configurations could replicate the way cables are installed in an aircraft. PD tests were 
carried out using the analogue ROBINSON PD detector and also by using a straight PD 
detection circuit as described in Chapter 5. It has been observed that the CG case 
(unscreened cable wrapped around a grounded cylinder), is more consistent at 100 kPa in 
terms of measurement PDIV results, than all the other methods. Nevertheless the UB case 
(unscreened cable with grounded braid held tightly around the cable insulation) shows 
lower standard deviations and exhibits a lower average PDIV. At 11.6 kPa, the onset to a 
stable PD pattern was more rapid than at 100 kPa. In this situation the GP case (cable laid 
on a grounded conductive plane) results exhibited relatively lower PDIV results of higher 
consistency, as well as relatively lower standard deviations. In addition to the PDIV 
differences, PD magnitude phase-resolved plots suggested that different PD mechanisms 
were taking place when different cable configurations were tested. 
In general, recording the PDIV values was a difficult task due to the analogue 
circuitry of the PD detector and the sensitive response of the PD deflection needle with the 
slightest noise, coming from the surrounding environment (other tests in the area, 
measuring equipment etc.).  Due to the uncertainty of the PDIV results, the same tests were 
repeated using the digital LEMKE digital PD detector and by using both the balanced and 
the straight detection methods. Results obtained using the LEMKE PD detector, were more 
consistent exhibiting lower standard deviations in all cable configurations. PD magnitude 
phase resolved plots showed variations from one cable configuration to the other. 
However, the analysis of the statistical operators (Skewness, Kurtosis and Cross 
Correlation), suggests that the same PD mechanisms are taking place. The discharges 
taking place are electrode bound discharges either occurring between conductor and inner 
surface of the insulation or the outer insulation surface and the ground. Furthermore partial 
discharges of this type occur at lower voltages than dielectric bound discharges i.e. void 
discharges within the insulation.  
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PD magnitudes vary from one configuration to the other, but this might be due to 
the variation in PDIVs when comparing all four cable configurations. At 11.6 kPa the PD 
magnitudes are considerably larger than at 100 kPa. Furthermore PD rates differ especially 
for the GP case, where the rate is significantly larger at 11.6 kPa. This is an important 
result. For example for the GP case, this result shows that at 11.6 kPa, if the cable is 
operated at the inception voltage the cable insulation will age faster than at 100 kPa 
because of the larger PD magnitudes and the larger average PD rate. 
PDIV results show that the screened cable case (UB), provides the necessary airgap 
distances to test for PDIV at 100 kPa and at 11.6 kPa. This conclusion is drawn from the 
fact that at 100 kPa the inception voltages for the UB case, is the lowest. In addition, at 
11.6 kPa PDIVs for UB and GP are approximately equal, with the GP case covering a 
larger range of airgap distances (0.05 mm up to 40 mm), between the outer insulation 
surface and the ground plane.  
As the UB cable configuration was examined, the airgap distance range from the 
outer insulation to the grounded braid varied approximately from 0.05 mm up to 0.40 mm. 
This depended on how tightly the braid was held around the insulation. Further work is 
required because it might be the case that at pressures lower than 11.6 kPa the airgap 
distance is not large enough to give the lowest possible PDIV. Nevertheless, the 
configuration giving the lowest inception voltage at 100 as well as 11.6 kPa should be used 
to test the cable. At 100 kPa the configuration resulting in the lowest inception voltage is 
the UB case (which is currently the method used in the standard. At 11.6 kPa both UB and 
GP cases should be used. One advantage of the UB case is the fact that the whole of the 
insulation across the length of the cable is being tested for defects, since the screen 
uniformly surrounds the insulation in a relatively symmetric manner. In all other 
configurations only part of the outer cable insulation surface touches the grounded 
conductor and thus some defects might not be spotted and identified. 
 The measured PDIVs have also been compared with the calculated PDIVs using 
the same uniform field methods as in Chapter 3. This was done for several cables having 
different types of insulation and different number of layers.  In general, the percentage 
difference of the measured and the calculated PDIVs at 100 kPa is significantly larger than 
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at 11.6 kPa. In addition it is important to note the percentage differences at 11.6 kPa where 
negative, showing that the calculated results underestimate the true PDIV. This implies that 
the calculation results are conservative, providing a safe operating voltage. On the other 
hand, at 100 kPa results are overestimating the true PDIV.  
  PD tests under DC conditions have also confirmed the fact that under different 
cable configurations PD results differ.  The difference in PDIVs between the UB and GP 
configurations is much more at DC than at AC conditions, both at 100 kPa and at 11.6 kPa. 
PD rates and magnitudes also differ.  However, it has to be noted that there is no standard 
way of figuring out the DC PDIV. The step voltage was set to be very low at around 80 V. 
The PDIV was selected when PD magnitudes of ≥ 5pC where detected, when the PD rate 
was ≥ 1 PD/min.  
It has to be noted that there is a big uncertainty in the DC PD results due to the very 
low PD magnitudes and PD rates. It is due to this fact that it is much more difficult to test 
for PD under DC than under AC conditions. The slightest noise can provide misleading 
results even with the use of the balanced circuit. Nevertheless, even if the PD was being 
generated from other PD sources rather than the cables being tested, the PDIVs were much 
higher at DC conditions. 
 
7.2.4  AC and DC PD Comparison 
Little work can be found in literature regarding testing of aircraft cabling for PD under DC 
conditions. With the development of the MEA, higher DC voltages have been introduced 
for transferring electrical power in aircraft and this has resulted in an increased risk of PD. 
Thus, it is necessary to carry out research in this field. Chapter 6 points out the difficulties 
faced (when it comes to testing for DC PD), identifies and explains the possible PD noise 
sources that can affect results and describes the steps carried out to remove these noise 
sources. A method for determining the PDIV of DC cables is also explained with the 
appropriate justification. Even though there is an uncertainty as to whether the PD results 
obtained are from the testing cables or other parts of the testing circuit, PD was generated 
at higher voltages under DC conditions than under AC conditions. A DC voltage waveform 
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to be applied for DC PD testing is also proposed. There is no reference in literature on the 
testing voltage that should be applied for DC PD. In addition, the case where the DC 
supply voltage might be switched on with a higher step value has been also examined. The 
use of a higher step up voltage limits the operating voltage that can be applied on the 
cables.  An initial comparison between PD rates, PD magnitudes and PDIVs has been 
carried out; however more experiments are required to measure the PDIV, making sure that 
PD is generated from the testing cables. The conclusions of Chapter 6 are described below 
in detail. 
Under DC conditions only one cable type was tested under the UB and GP 
configurations. As opposed to AC PD tests, DC PD test results have shown that the 
percentage difference is much bigger, but negative for both configurations at 100 kPa as 
well as at 11.6 kPa. This suggests that the standard, AS50881: “Wiring Aerospace 
Vehicle” [11], is not satisfactory for DC cable systems, since it makes no distinction in the 
determination of a cable’s safe operating voltage between AC and DC cable systems.   
 As shown in Chapter 6, PDIVs are much larger at 100 kPa as well as at 11.6 kPa. 
This is true for both configurations. PD rates as well as PD magnitudes have been 
approximately found to be two orders of magnitude smaller under a DC test voltage than 
under an AC test voltage. This is a positive result, since the use of DC systems can 
significantly increase the power transfer capability as well as the power to weight ratio of 
the cable distribution system. In Chapter 3, calculations have shown that the positive and 
negative DC system is the optimal cable system offering higher power transfer capability 
and power to weight ratio. The equations used for the DC PDIV calculation were exactly 
the same as for the AC PDIV calculation. If the PDIV is significantly higher in reality then 
the DC calculated PDIV results greatly underestimate the true DC PDIV and furthermore 
greatly underestimate the power transfer capability of the DC system and the power to 
weight ratio.  
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7.3 Further Work 
The research carried out in all chapters has raised some questions that need to be answered. 
Several assumptions have also been taken into consideration and the viability of these has 
to be examined further.  
Firstly, voltage optimisation has been carried out without considering the weight of 
the duct itself. In addition skin and proximity effects were neglected when calculating the 
current rating of conductors, since the frequency was assumed to be less than 800 Hz. 
These effects should be taken into consideration at higher operating frequencies, since the 
use of frequencies up to 1 kHz and possibly greater will become more common. Insulation 
interfacial effects as well as space charge effects were also ignored when the optimal 
voltages for the DC cable duct systems were calculated.  
Furthermore the increased number of ions in the airgap due to metal ion release due 
to cosmic radiation has not been taken into account. This phenomenon can be taken into 
account by considering Townsend’s secondary ionisation coefficient.  
The impedances and thus the resistive and the reactive losses and voltage drops 
have to be determined for each cable system that has been examined.  As an example the 
losses for the DC system have been evaluated. This has to be done for all AC systems as 
well.  
The optimisation process has to include the effect of loads and other power system 
equipment, like for example transformers, power electronic converters etc. If the higher 
voltage levels selected from the cable system optimisation process result in the use of 
equipment (circuit breakers, transformers and converters) with thicker insulation and 
increased weight or volume, then these results have to be compared so that an optimal 
electrical system voltage is chosen. In addition, with increased DC voltages there are other 
issues arising related to power system stability, quality and faults. 
The optimisation process can be used to assess cables with other conductor and 
insulation materials installed in different configuration (for example cables installed in a 
duct of different shape). It must be noted that when larger duct sizes were examined, the 
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same clearances were assumed between cables. As a result the cable bundle radius was less 
than 75% of the duct radius. This implies that the cables sizes that can fit into the duct 
could be made larger that the ones that have been calculated by considering a 4 mm 
clearance.    
When the PCB Vs round cable assessment was carried out in Chapter 4, only the 
AWG 16 round cable duct system has been compared. Larger conductor systems have to 
be examined using the same methodology. In addition, the fact that the electric field does 
not vary linearly with the increase in voltage, has to be incorporated in to the finite element 
analysis software. For example in Opera: Vector Fields, if the boundary condition on the 
conductor traces is set to be 1 volt, the electric field resulting from that voltage will have a 
specific value. If the voltage is doubled, the electric field will be doubled. In practice the 
relationship is not linear and an appropriate formula has to be defined for use in the 
software. Furthermore the same procedure has to be carried out for DC systems and other 
AC systems, as the ones that have been investigated in Chapter 3. The design of a PCB 
with more traces and more layers should also be investigated to observe not only the 
voltage and electric field distribution, but also the effect that the increased number of 
traces and layers have on the current rating of the PCB. 
PD Tests have to be carried out on similar PCB designs to compare with the 
theoretical results and the simulations in Opera vector fields. As far as aerospace cables are 
concerned, AC and DC PD tests have been carried out on one specific type of cable. 
Ideally the research would have been more complete if cables of the same type but 
different conductor size and insulation thickness had been tested as well. This way, a 
relationship could have been obtained between PDIV and cable size. A better comparison 
between experimental data and measured data would then be possible. 
For both AC and PD tests, Results have to be obtained when there is a variation in 
the ambient as well as in the conductor operating temperature. This would allow the 
researcher to observe how the PDIV, PD rate and the PD number, is affected with 
temperature. Under DC conditions the operating temperature would play a vital role in the 
PDIV, since the resistivity of the insulation changes and thus the voltage across the 
insulation and across the gap.  
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An initial research has been carried out by using the same methodology as in 
Chapter 3, to calculate the DC PDIV. However, calculations have to be adjusted for the DC 
case because it is the resistivity of the insulation and of the air in the gap that must be used 
to obtain the fraction of the voltage across the gap and not the relative permittivity.  
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Appendix B: AC PD Test Results 
Using the Lemke LDS-6  
 
 
 
Figure B1.1: PD magnitude phase-resolved plots at 100 kPa for: a). CG, b). GP, c) TW and d). UB cable 
configurations with the use of a balanced PD detection circuit, including a 1000 pF coupling capacitor  
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Figure B1.2: PD magnitude phase-resolved plots at 11.6 kPa for: a). CG, b). GP, c) TW and d). UB cable 
configurations with the use of a balanced PD detection circuit, including a 1000 pF coupling capacitor  
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Figure B2.1: PD magnitude phase-resolved plots at 100 kPa for: a). CG, b). GP, c) TW and d). UB cable 
configurations with the use of a straight PD detection circuit  
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Figure B2.2: PD magnitude phase-resolved plots at 11.6 kPa for: a). CG, b). GP, c) TW and d). UB cable 
configurations with the use of a straight PD detection circuit  
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Appendix C-1:  
Derivation of Equations for Calculating Maximum 
Cable Size in a Duct 
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 + + + ⇒ = = = 
 
 
+ 
⇒ = + + 
 
   ⇒ = + + +   
   
 
− − 
 ⇒ =
 + 
 
 
Three Cables in a Duct 
dWG
rC
θ
OB
h
dWW
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Derivation of Equation 
 
 
 
3
3
duct C WW WG
duct WW WG
C
r r d d
r d d
r
= + +
− −
⇒ =
 
Six Cables in a Duct 
Seven Cables in a Duct 
0
dWG
rC
dWW
rC
rC
0
dWG
rC
rC
rC
dWW
Derivation of Equation 
 
 
 
3
3
duct C WW WG
duct WW WG
C
r r d d
r d d
r
= + +
− −
⇒ =
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Appendix C-2:  
Derivation of Equation for Analysing Different 
PCB Geometries 
 
In order to analyse the PCB system and to compare it with a round cable system in a duct, 
certain assumptions have been taken into account: 
 
1. Total cross sectional area of round cable conductors = total cross sectional area of 
trace conductors in the PCB 
2. Total cross sectional area of insulation in round cable system = total cross sectional 
area of insulation in the PCB. The area total cross sectional area of the insulation is 
symbolised as iA 
3. iTT = λiTB  
4. iTB = iTL = iTR 
5. NT(TB) = Number of Traces along the thickness of the PCB (PCBt)  
6. NT(LR)= Number of Traces along the width of the PCB (PCBW) 
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Taking into consideration the above assumptions the total PCB insulation cross sectional 
area can be expressed as in Equation (1): 
 
( )( )( ) ( )( )
( ) ( )( )( )
( )( )( )
( ) ( ) ( )
2
( ) ( ) ( )
( ) ( )
1 2 .....
.......2 1 1 .....
....... 1 1
A TT t T LR T TB TB t T TB
TB T TB TB W T TB T LR
TT TB T LR T TB
i i T N N i T N
i N i T N N
i i N N
= − + +
+ + + +
− +
                                                            (1) 
 
Since iTT = λiTB substitute into the equation to get: 
 
( )( )( ) ( )( )
( ) ( )( )( )
( )( )( )
( ) ( ) ( )
2
( ) ( ) ( )
2
( ) ( )
1 2 .....
.......2 1 1 .....
....... 1 1
A TB t T LR T TB TB t T TB
TB T TB TB W T TB T LR
TB T LR T TB
i i T N N i T N
i N i T N N
i N N
λ
λ
= − + +
+ + + +
− +
                                                         (2) 
 
Simplify Equation (2) by sorting the coefficients of i2TB and i2TB to get: 
 
( ) ( )( )
( )( ) ( ) ( )( )
2
( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
2 1 1 1 ......
.... 1 2 1
A TB T TB T TB T LR
TB t T LR T TB t T TB W T TB T LR
i i N N N
i T N N T N T N N
λ
λ
 = + + + − + 
 
− + + + 
                                  (3) 
 
Simplify the coefficient of i2TB to get: 
 
( ) ( )( ) ( ) ( )( )( ) ( ) ( ) ( ) ( )2 1 1 1 1 2 1T TB T TB T LR T TB T LRN N N N Nλ λ + + + − = + + −   
 
Furthermore divide every part Equation (3) by the coefficient of i2TB to get Equation (4): 
 
( )
( ) ( )( ) ( )( )
( ) ( )( )
( ) ( ) ( )2
( ) ( ) ( )
( ) ( )
1 2
......
1 2 1 2 1
..... 0
1 2 1
t T LR T TB t T TB W
TB TB
T TB T LR T LR
A
T TB T LR
T N N T N T
i i
N N N
i
N N
λ
λ λ
λ
 
− +
 + + −
 + + − + −
 
=
+ + −
                                (4) 
Simplify equation (4) to get equation (5): 
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( )
( ) ( )( ) ( )( )
( ) ( )( )
( ) ( ) ( ) ( )2
( ) ( ) ( )
( ) ( )
1 2
......
1 2 1 2 1
..... 0
1 2 1
t T LR T TB t T TB W T LR
TB TB
T TB T LR T LR
A
T TB T LR
T N N T N T N
i i
N N N
i
N N
λ
λ λ
λ
 
− +
 + + −
 + + − + −
 
=
+ + −
                                (5) 
 
Simplify the numerator of one of the coefficients of i2TB, the one that is circled in Equation 
(5) to get: 
 
( ) ( )( )( ) ( ) ( ) ( ) ( )1 2 2 1t T LR T TB t T TB t T TB T LRT N N T N T N Nλ λ− + = + −  
 
 
Furthermore simplify the circled part of Equation (5) to get Equation (6): 
 
 
( ) ( )( ) ( ) ( )( )
( ) ( )2
( ) ( ) ( ) ( )
0
1 2 1 1 2 1
t T TB W T LR A
TB TB
T TB T LR T TB T LR
T N T N ii i
N N N Nλ λ
 
 + + − =
 + + − + + −
 
                 (6) 
 
 
Remember that NT(TB) represents the number of traces from the top to the bottom of the 
PCB, i.e. along the thickness of the PCB. Also NT(LR) represents the number of traces left to 
the right, along the width of the PCB. In this thesis a simple model PCB geometry has been 
used, consisting of NT(TB) =1 and NT(LR) = 3 (i.e. 1 layer of 3 traces in the PCB model). 
Thus, Equation (6) simplifies to Equation (7) which is actually Equation 4.1 shown in 
Chapter 4, Section 4.2 in this thesis:  
 
 
2 31 1 0
2 1 4 1
W A
tTB TB
iTi T iλ λ
  
  
   
+ + − =
+ +
                                                                   (7) 
